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ABSTRACT 
Alfalfa (Medicago sativa L.) has a broad geographic distribution, with some 
populations adapted to cold climates and others lacking cold tolerance. Although 
considerable research on winter hardiness in alfalfa has been conducted, much remains 
unknown about the mechanisms and genetic control of winter survival. We conducted two 
experiments designed to identify and quantify morphological, physiological, and biochemical 
traits associated with winter hardiness and to estimate the genetic relationship of these traits 
with winter hardiness. In Experiment 1, ten alfalfa genotypes were planted in June 2000 and 
in May 2001 at Ames, IA, and traits were measured in August, November, and the following 
April in each year. Concentrations of palmitate, palmitoleate, linoleate, linolenate and total 
fatty acids increased in crowns and roots of all genotypes from August to November and 
declined by April; similar results were observed for total sugars, crude protein, and amino-N 
groups. Winter injury showed a negative phenotypic correlation with concentrations of 
palmitate, linoleate, linolenate, total fatty acids, protein, amino-N groups, and starch in both 
roots and crowns; no correlation was observed between winter injury and the 
monosaccharides glucose and fructose or soluble protein. Total and individual fatty acid 
concentration was not correlated with any morphological trait in autumn. These data suggest 
an important role of fatty acids in winter hardiness, possibly as a cryoprotective cellular 
mechanism. 
In Experiment 2, we established an F1 segregating population of 200 individuals, 
derived from a cross between the parental genotypes ABI408 and WISFAL-6, in the field in 
successive years at Ames, IA and measured the traits listed above in August and November. 
On average across years, the parents were similar except that ABI408 had higher shoot and 
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crown biomass and stem number in August and increased concentrations of total 
nonstructural carbohydrates, sucrose, crude and soluble protein, and amino-N in November. 
WISFAL-6 had higher concentrations of starch, linoleate, and total fatty acids in November. 
Although differences among the individuals in the F1 population were present for all traits, 
and transgressive segregation present for many, the population mean tended to fall 
intermediate to the two parents. For root and crown mass in November, it was higher than 
the midparent and for crude and soluble protein in November, it was lower than the 
midparent. No differences in winter injury were found between the parents or between the 
parental midpoint and the F1 population mean. 
Broad sense herilabilities on an entry mean basis were 0.58 for winter injury, 0.60 for 
plant height in November, and ranged from 0.44 to 0.63 for shoot, crown, and root mass in 
August and November. Total fatty acid concentration had an H2 of 0.72 in August and 0.44 in 
November. Heritabilties of most individual fatty acids, crude and soluble protein, amino-N, 
glucose, sucrose, total nonstructural carbohydrates, and starch were generally moderate (0.3 
to 0.6). Autumn plant height had weak positive genetic correlations with winter injury, in 
contrast to other research. Shoot, crown, and root biomass in both August and November 
showed strong negative genetic correlations with winter injury, suggesting that in this 
population, winter survival was related to plant vigor. Phenotypic and genetic correlations of 
winter injury with carbohydrates and fatty acids were not evident; however, soluble protein 
and amino-N groups were negatively correlated with winter injury. Preliminary genetic 
mapping identified several chromosomal locations associated with most traits. These results 
suggest that the determinants of winter survival in this population formed from semi dormant 
parents differ from those in populations with nondormant parental genotypes. 
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CHAPTER 1. INTRODUCTION 
Historical Perspective of Alfalfa Winter Hardiness 
The origin of cold tolerant alfalfa germplasm is the highlands of Transcaucasia and 
Asia Minor and adjoining areas of northwestern Iran (Scofield, 1908). These areas are 
considered a good source of winter resistant alfalfa for temperate countries such as the 
United States and Canada. The introduction of alfalfa to North America between 1850 and 
the early 1900's, was characterized by the introduction of three well-adapted ecotype groups 
(Barnes et al., 1977): 1) Medicago sativa subsp. sativa: Peruvian and African in Central 
Mexico and Southwest USA. 2) Chilean in south-east of USA and north of Mexico (Brand, 
1907); (3) subsp. falcata, sativa, varia and coerulea into Canada and northern and central 
regions of the USA (Westgate, 1910). The first evidence of alfalfa breeding was reported by 
Piper in 1909, who focused on breeding for seed production, hay quality, disease resistance, 
and cold resistance. The first alfalfa cultivar selected for winter survival (Narrangansett in 
1948) has a variegated alfalfa basis and was introgressed with M. sativa subsp. falcata for 
low temperature survival (Daday, 1964). Since that time, selection for winter hardiness has 
been done in three directions: 1) improving autumn yield by reducing fall dormancy of 
winter hardy cultivars originally coming from a cross between subsp. sativa, subsp. falcata or 
varia, 2) crossing and selection of previously selected subsp. sativa and falcata for winter 
hardiness and whole yield; and 3) selection of synthetic non winter hardy subsp. sativa 
cultivars (Volenec et al., 2002). 
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Morphological Parameters of Alfalfa Winter Hardiness 
Alfalfa has several characteristics that make it a desirable forage species, such as high 
production and persistence, good nutritional quality, hot and cold temperature tolerant 
cultivars, grazing and cutting tolerance, high growth rate, and winter hardiness. Evaluation of 
1067 alfalfa plant introductions showed taproot diameter and lateral root diameter were 
positively correlated with fall dormancy score (1 = dormant to 9 = nondormant), but lateral 
root number, lateral root position, and fibrous root mass were negatively correlated with fall 
dormancy score—that is, less dormant plants had fewer lateral roots and a less fibrous root 
mass (Johnson et al., 1998). 
Increases in root and crown weight have been associated with reduced stand density 
for the first and second year of establishment, although no effects in total nonstructural 
carbohydrates (TNC) concentration have been found (Juan et al., 1994). Secondary shoots 
grown during autumn previous to freezing usually are two or three-fold more common at 
crown axial apices than at basal and terminal apices. This morphological mechanism 
demonstrates the importance of residual shoots after last harvest and previous to chilling or 
freezing (Brandsaeter et al., 2002). 
Taproot Carbohydrates for Autumn Growth and Winter Survival 
The range of total nonstructural carbohydrates (TNC) in alfalfa, expressed as glucose 
equivalents, has been reported to be between 100 and 400 g kg"1 on a dry matter basis 
(Volenec et al., 1991; Boyce and Volenec, 1992a; Rechel and Novotny, 1996; Juan et al., 
1994; Avice et al., 1997; Cunningham et al., 1998). Non fall dormant cultivars have higher 
root TNC than more dormant cultivars (Juan et al., 1994). This suggests that TNC is not 
directly involved in fall dormancy. However, Chatterton et al. (1977) found a positive 
3 
correlation between taproot TNC concentration and cold stress tolerance. Volenec et al. 
(1991) evaluated the TNC taproot concentration of a 2-year-old stand 'Hi-Phy' alfalfa and 
found that TNC declined linearly for 124 d following the final harvest of the season. A low 
correlation (r^O.22, P>0.05) between TNC concentration and spring shoot elongation rate in 
a large collection of alfalfa germplasm was identified by Volenec (1985), suggesting that 
TNC concentrations do not affect spring regrowth once the photosynthetic activity resumes. 
The extent of accumulation of TNC in alfalfa taproots is not associated with cold 
resistance, but winter hardy germplasm accumulates higher concentrations of soluble 
carbohydrates in late autumn than do nonhardy cultivars (Doehlert et al., 1982). Boyce and 
Volenec (1992a) suggested that tolerance to winter conditions depends upon the ability to 
convert taproot starch into sugars. 
In contrast to the mixed results for TNC, various sugars have been clearly associated 
with winter hardiness. Castonguay et al. (1995) reported that sucrose, stachyose and 
raffinose accumulated in alfalfa roots, while concentrations of glucose, fructose and starch 
declined during alfalfa cold acclimation. Further, differences in the maximum level of 
freezing tolerance, between nonhardy and winter hardy cultivars were better related to 
raffinose than to accumulated sucrose. 
Taproot Storage Proteins in Winter Hardiness 
Root total N consists of 45% buffer-insoluble N, 30% low molecular weight N, 20% 
non-vegetative storage protein (VSP) N, and 5% VSP-enriched protein (Barber et al., 1996). 
In forage crops, VSP have been considered to be the proportion of protein that is associated 
with the rate of herbage regrowth after defoliation and in the spring when shoot growth 
resumes after freezing (Ourry et al., 1994). Avice et al. (1997) found a strong correlation 
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between N content of roots and spring regrowth rate, and indicated that much of the carbon 
found in the stubble after freezing treatment was translocated in the form of N-containing 
compounds from taproots and crowns. Further, N found in new leaves was shown to be 
mobilized from taproots and crowns (Cunningham et al., 1998). 
The alfalfa B-amylase gene is expressed in a tissue-specific manner, with very high 
expression in roots, moderate expression in stems, and very low expression in leaves (Gana 
et al., 1998). Results obtained by Mita et al. (1995) suggested that the B-amylase gene is 
subject to regulation by a carbohydrate metabolic signal, and gene expression is regulated in 
the whole plant by carbon partitioning and sink-source interactions. Amylase forms present 
in autumn and winter might differ from those found in taproots in summer and spring (Gana 
et al., 1998). Boyce and Volenec (1992b) concluded that B-amylase is not involved in starch 
degradation, but is considered as a vegetative storage protein due to a high concentration 
before defoliation and unchangeable enzymatic activity. This pattern is similar to that 
observed in Lotus corniculatus L. (Boyce et al., 1992). 
Fatty Acids in Alfalfa Winter Hardiness 
The inability of chilling-sensitive plants to maintain physiological activity at chilling 
temperatures is at least partially due to their inability to alter the cell membrane fatty acid 
composition (Peoples et al., 1978; Tomashow, 1999). Low temperatures induce an increase 
in the chloroplast membrane lipid composition of chilling insensitive alfalfa cultivars 
(Peoples et al., 1978). The polyunsaturated fatty acids (palmitoleic, linoleic and linolenic 
acids) show a strong negative correlation (r = -0.94) with photosynthetic CO2 exchange at 
10°C, indicating that the degree of unsaturation plays an important role in membrane 
cryoprotection (Peoples et al., 1978). Unsaturated fatty acids reduced the transition 
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temperature at least partly by introducing bends in linear fatty acyl chains (Lyons, 1973). For 
lipid desaturation, some important enzymes are involved. Linolenic acid is synthesized from 
stearate (CI8:0) first by stearoyl-ACP desaturase to synthesize oleate, followed by oleoyl-PC 
desaturase, to form linoleate (C18:2); the third double bond is synthesized by linoleoyl-PC 
desaturase to form linolenate (C18:3). It is possible that either the activity of the 
desaturase(s) or the expression of the gene(s) responsible for the synthesis of one or more of 
the desaturase enzymes may be cold temperature regulated (Cyril et al., 2002). 
Genetic Basis and Breeding of Alfalfa Winter Hardiness 
The genetic process of winter hardiness in plants normally starts with acclimation to 
cool temperatures. Physiological factors, such as changes in the concentrations of 
carbohydrates, proteins, nucleic acids, amino acids, and fatty acids in roots and crowns, the 
ability to develop an acclimate response, disease resistance, and morphological factors, such 
as root and crown structure, all contribute to acclimation (McKensie et al., 1988; Brouwer et 
al., 2000). The acclimation period involves a series of changes in the expression of a large 
number of genes responsible for both tolerance and resistance to low temperatures 
(Tomashow, 1999). A number of genes have been identified in alfalfa as affecting cold 
tolerance. Castonguay et al. (1997) identified 3 peptides in a group of low molecular weight 
binding proteins (LMWBP) associated with alfalfa winter hardiness. During acclimation, the 
MsaCiB and MsaCiB cDNA transcripts showed differential kinetics. The first one is 
transcribed throughout a 15 d acclimation period and the second is highly transcribed during 
the first 4 days after which it decreased to the initial level (Ferullo et al., 1997). Because 
MsaCiA was constantly present during chilling, it might play an important role in dormancy 
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due to differences in intensity and enzymatic activity between intermediate and winter harder 
alfalfa entries. 
Volenec et al. (2002) analyzed a large set of released cultivars from 1920 to 2002, 
and concluded that the increased yield observed over that time was mainly the result of an 
increase in the yield of the last harvest of the year in early autumn, when the acclimation 
period starts. Therefore, recurrent selection in alfalfa to improve total yield for the midwest 
has been focused indirectly on lower fall dormancy, rather than spring or summer biomass 
accumulation. The affects of this selection on winter hardiness are hard to quantify. 
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Hypotheses 
1) The distribution and accumulation of metabolites in storage tissue, such as crowns 
and taproots, define the persistence and survival of alfalfa during severe cold 
temperatures, 
2) The winter injury of alfalfa plants can be associated with the accumulation of various 
metabolites during autumn, and 
3) The genetic basis of winter hardiness can be assessed from a quantitative genetic 
perspective as well as by molecular mapping to identify locations of genes. 
Objectives 
This thesis explores the genetic basis of autumn growth and winter hardiness of 
alfalfa (Medicago sativa L.), with the use of traditional methodology complemented with 
novel tools. The specific objectives of this research thesis were as follows: 
1) To determine the relationship between total and individual fatty acid concentration in 
alfalfa roots and winter hardiness and the relationships between fatty acids and other 
physiologically relevant compounds in alfalfa roots. 
2) To estimate the genetic variance and heritability of traits found in (1) by means of a 
structured population segregating in biomass yield, fall height, and winter injury. 
3) To identify candidate quantitative trait locus (QTLs) using the F1 population linkage 
map with phenotypic data collected over two years. 
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Thesis Organization 
The thesis dissertation is organized in five chapters. The first chapter describes the 
most relevant information published in scientific journals about morphological, physiological 
and metabolic aspects related with winter hardiness in alfalfa. Chapter 2 reports the analysis 
of a set of morphological and metabolic components in shoots, tap roots, and crowns of 
alfalfa genotypes contrasting in winter hardiness. Chapter 3 entitled "Genetic variance and 
herilability of winter hardiness in alfalfa: autumn growth components and metabolite 
profiles" examines the components using an F1 population, and quantitative genetic 
estimators are computed to predict the relationship with winter hardiness. Chapter 4 provides 
a preliminary examination of QTL mapping of autumn growth components and winter 
h a r d i n e s s  m e t a b o l i t e s  a s s o c i a t e d  w i t h  b a s e d - R F L P ,  S S R  a n d  A F L P  m a r k e r s .  I n  C h a p t e r  5 , 1  
finish with a general conclusion and future prospects about the potential uses of novel 
approaches in alfalfa growth components and winter hardiness. 
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CHAPTER 2. FATTY ACID IDENTIFICATION AND 
QUANTIFICATION IN ALFALFA TAP ROOTS AND CROWNS AND 
THEIR RELATIONSHIP TO WINTER HARDINESS 
A paper to be submitted to Crop Science 
B. Alarcon Zuniga, Paul M. Scott, Diane Luth, Kenneth J. Moore, and E. Charles Brummer. 
ABSTRACT 
Perennial plants like alfalfa (Medicago sativa L.) must undergo physiological changes 
in autumn in order to survive through winter. The compounds that are involved in these 
changes include sugars, starch, and proteins. Fatty acids are also implicated in some species, 
but their role in alfalfa winter hardiness has not been widely examined. The objective of this 
experiment is to identify and quantitate fatty acids in alfalfa crowns and roots and to relate 
those levels with winter injury. Ten alfalfa genotypes with a broad range of autumn 
dormancy were were evaluated at 3 sampling dates: August, November and the following 
April, in 2001 and 2002. Fatty acids identified in tap roots were palmitate, palmitoleate, 
stearate, oleate, linoleate, and linolenate. The same fatty acids were in crowns, except 
stearate was not identified, and myristic acid was present in all the entries at each sampling 
date. Total and individual fatty acids increased considerably during the autumn period and a 
small decrease was observed in April. Strong negative associations between most fatty acids 
and winter injury were evident in both November and April. Height, shoot, root and crown 
mass were not correlated with fatty acids for the most part. We conclude that fatty acids can 
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be scored in either November or April to estimate the winter hardiness potential of 
genotypes. 
INTRODUCTION 
During the autumn, physiological changes occur in perennial species as photoperiod 
and temperature decline (McKenzie et al., 1988). This period of acclimation leads to the 
development of physiological dormancy in winter hardy plants; non-hardy plants have either 
a limited acclimation response or are unable to acclimate at all (Grandfield, 1943). One of the 
major manifestations of dormancy induction is a reduction in biomass production as the plant 
diverts photosynthate to other uses. For crops such as alfalfa (Medicago sativa L.), in which 
the agronomically useful product is total herbage accumulation, this decline is undesirable, 
except for the fact that it leads to winter hardiness, a broad term encompassing tolerance to 
cold temperatures and free-thaw cycles, as well as other ill-defined stresses of winter 
(Brummer et al., 2000; Cunningham et al., 2001;). 
The mechanisms controlling autumn growth (i.e., dormancy induction) and winter 
hardiness in alfalfa have been investigated from morphological, physiological, and genetic 
perspectives over the past century. A positive relationship between winter hardiness and 
soluble carbohydrates content in alfalfa roots and crowns during the autumn has been known 
for at least 75 years (Graber, 1927; Smith, 1964). The specific carbohydrates sucrose and 
starch appear to be the primary ones involved with winter survival and spring regrowth 
(Grandfield, 1943), and recently the oligosaccharides raffinose and stachyose were found to 
accumulate in winter harder cultivars (Castonguay et al., 1995; Castonguay and Nadeau, 
1998; Cunningham et al., 2003). Fatty acids are known to be involved in cold tolerance in 
other organisms due to their role in maintaining membrane integrity (Baudouin et al., 1999; 
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Tomashow, 1999). Reduced photosynthetic rate due to chilling temperatures (10°C) is 
influenced by changes in polyunsaturation of fatty acids in alfalfa leaf chloroplasts (Peoples 
et al., 1978), orchard grass (Yoshida and Uemura, 1984), and arabidopsis (Hugly and 
Somerville, 1992). The increase of polyunsaturated fatty acids, basically linoleate and 
linolenate, is always accompanied with an increase in the membrane glycerophospholipids 
synthesis in crown and root tissues during the first 24 d of the cold controlled acclimation 
(Grenier and Willemot, 1974a,b; Grenier et al., 1975; Mohapatra et al., 1988). Thus, although 
fatty acids may be assumed to play a physiological role in alfalfa, no reports have 
characterized fatty acids during the autumn and winter in alfalfa roots and crowns under field 
conditions. 
The objective of this experiment was to evaluate the concentration of fatty acids in 
the crowns and roots of ten alfalfa genotypes representing a range of winter hardiness levels, 
both throughout the autumn acclimation period and in the following spring. We hypothesized 
that concentrations of the fatty acids should vary both among sampling dates and among the 
genotypes. Further, we hypothesized that one or more of the fatty acids would be correlated 
with concentrations of soluble carbohydrates, soluble protein, or total amino-N groups in 
roots, with biomass production and morphological components of the plants, and/or with 
winter injury. 
MATERIAL AND METHODS 
Plant Material 
Ten alfalfa genotypes contrasting in winter hardiness were included in the 
experiment; eight were tetraploid and two diploids. The alfalfa genotypes included three 
from M. sativa L. subsp. falcata (L.) Arcang (PI502453-1, derived from the Russian cultivar 
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Pavlovskaya; WISFAL-6 from the WISFAL germplasm (PI560333; Bingham, 1993); and 
SD201-1 from the experimental diploid germplasm South Dakota SD201 [A. Boe, pers. 
comm.];); and seven from M. sativa L. subsp. sativa (ABI408 from ABI Alfalfa (1840 
Backbone Rd. West, P.O. Box 404, Princeton, IL 61356); RP93-377 and 5939-1 from 
Pioneer Hi-bred International. (400 Locust Street, Suite 800, P.O. Box 14453, Des Moines, 
IA 50306), C96-513 and 7E-116 from Forage Genetics Int. (N5292 S. Gills Coulee Road, 
West Salem, WI 54669), WL711-1 from the cultivar WL711, and CADL-3 from the diploid 
germplasm Cultivated Alfalfa at the Diploid Level [Bingham and McCoy, 1979]). Stem 
cuttings for each genotype were rooted in the greenhouse and transplanted in the field at the 
Agronomy and Agricultural Engineering Research Farm west of Ames, IA on 9 June 2000 
and again on 1 June 2001. In 2000, the field plot was a randomized complete block design 
with three replications and 3 destructive sampling dates, with treatments arranged in a split 
plot, where the whole-plots were the destructive sampling dates (3), and the sub-plots 
contained the ten genotypes. In 2001, the ten genotypes were included within a larger 
experiment of 210 total entries conducted as a 14 x 15 a-lattice design with three replications 
and three destructive sampling dates, again arranged as a split plot design, with sampling 
dates as the whole plots and genotypes the subplots. In both years, an experimental unit (plot) 
consisted of five clones per genotype spaced 15 cm apart. Plots were separated within rows 
by 60 cm and rows 75 cm apart. Experimental plots were kept free of weeds and clones 
exhibited no visible signs of water or nutrient stress during the growing season. Plots were 
sprayed twice each season with Dimate (a.i. Dimethoate) or Pounce 25 WP (a.i. Permethrin) 
to control potato leafhopper [Empoasca fabae (Harris)]. After transplanting, plants were 
allowed to grow until 2 July 2000 and 1 July 2001, when they were clipped at a uniform 
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height of 5 cm and the aerial morphological components were homogenized for subsequent 
data collection. 
In each year, plants were destructively sampled near the beginning (7 September 
2000, and 25 August 2001) and the end (10 November 2000 and 6 November 2001) of the 
autumn acclimation period and in the following spring (12 April 2000 and 2001) when the 
plants resumed growth. At each sampling date, all genotypes in each plot were dug at 25 cm 
depth, soil quickly washed from the crowns and roots in cold water, tap roots (10 cm-depth), 
crowns (5 cm above the transition zone between shoot and root), and shoots separated and 
placed into separate bags, and samples placed in liquid nitrogen. After quick freezing, all 
samples from each plot were placed on dry ice, transported to the laboratory, and stored in a 
-80°C freezer. Samples were freeze-dried, with an initial temperature of -50°C and final of 
0°C during 7 days. Tissue was sequentially ground to pass through a 2 mm screen (Thomas 
Wiley Mill, Model 4, Philadelphia, PA) followed by a 1 mm mesh screen (UDY Cyclone 
Mill, UDY Manufacturing, Fort Collins, Co), keeping the samples in dry ice (-20°C) and 
stored at-80°C after grinding. 
Plant height from the ground to the tallest natural stem tip, and stem number (shoots 
borne exclusively from the crown) were recorded immediately prior to the August destructive 
sampling. Shoots of plants in plots were oven dried at 60°C for 72 h, weighed, and shoot 
mass recorded. The same procedure was followed by the November sampling, with exception 
that plant height was measured in mid-October (Teuber et al., 1998). In spring, the genotypes 
were visually scored for winter injury by digging the plants and scoring each on a basis of 1 
= no injury, all plants symmetrical with equal shoot length to 5 = all dead plants (McCaslin 
and Woodward, 1995). Root and crown masses were recorded after freeze-drying. 
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Fatty acids analysis 
Fatty acids were extracted from 250 mg of sample using 1.5 ml of methanolic HC1 at 
70°C for 2 h (Sukhija and Palmquist, 1988). One ml of 4 mg ml"1 of heptadecanoate was 
added to each sample as an internal standard (Seconni and Karsten, 2001). Samples were 
cooled to room temperature, 2.5 ml of 6% of potassium carbonate and 1 ml of hexane added, 
and samples were centrifuged at 1500 rpm for 5 min. The top layer containing the fatty acid 
derivatives was transferred to an activated charcoal filtration tube (Supelco charcoal tubes, 3 
ml, 0.25 g charcoal, product 57088) to remove any residual compound apart from fatty acids. 
The sample was collected in an amber vial from a Visiprep-DL SPE vacuum manifold 
(Supelco, product 57044) using a stream of N gas to force the residual sample from the 
charcoal tubes, and 15 ^,1 of 0.5% butylated hydroxytoluene (BHT) in hexane was added to 
each filtered sample. The fatty acids quantification was done in a Hewlett-Packard 5890 
series II gas chromatograph fitted with automatic sampler 7673 GC/SFC, integrator HP 3396 
series II, controller HP 7673 and FID detector. One p.1 of sample was injected into the fused 
silica capillary column 2.5 mm x 30 m (SP2330, Supelco Inc., Bellafonte, PA), with 
temperature programmed from 160 to 225 at 2°C min"1, during a 30 min running The gas 
flows were as follows: carrier helium, 1 mL min"1, hydrogen, 30 mL min"1, air, 400 mL min"1, 
and nitrogen, 1 mL min"1. 
Carbohydrate, protein and amino-N analysis 
Total soluble carbohydrates were extracted from freeze dried crown and tap root 
samples (25 mg) in 80% (v/v) ethanol (lmL) at 4°C for 30 min, vortexed frequently, and 
precipitated in a microcentrifuge for 10 min at 14,000 rpm (Cunningham et al., 1998). The 
samples were re-extracted two more times, and supernatant of the three extractions was 
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pooled. The ethanol-extracted samples were stored at -20°C until enzymatic assay 
quantification (Sigma Chemical Co., St. Louis, MO; sucrose, SCA20; fructose, FA20; 
glucose, GAG020). Starch content was estimated of the dried ethanol-extracted residue. The 
residue was boiled with 500 jj.1 of HPLC grade water for 10 min, and starch hydrolysed by 
incubating tissues at 55°C for 24 h with 400 gl of 200 mM acetate buffer (pH5.0), 40 units of 
alpha-amylase (Sigma, A0273 from A. oryzae) and 1 unit of amyloglucosidase (Sigma, 
A3514 from Aspergillus niger) (Smith, 1981; Brown and Volenec, 1989). An aliquot of 
supernatant sample was used for the enzymatic glucose assay (Trinder's reaction) (Sigma, 
GAG020), from which starch was quantified as glucose concentration x 0.9. Total non­
structural carbohydrates (TNC) were determined with anthrone in a glucose base (Smith, 
1981). 
Total nitrogen was estimated by combustion on a CHN-2000 analyser (LECO Corp., 
Std. Joseph, MI) and total protein computed by multiplying total N x 6.25 (Matejovic, 1997). 
Soluble protein was extracted by mixing 50 mg of sample with 500 jiL of 50mM of sodium 
phosphate buffer (pH 7.0), shaking for 60 min and re-extracting twice more with the same 
amount of phosphate buffer and shaking for 60 minutes and 120 min, respectively. Soluble 
protein was estimated by the bicinchoninic acid protein assay (BCA Protein Assay Reagent 
Kit, Pierce Inc., Rockford, IL., product 23225) with bovine serum albumin (BSA) as standard 
(Smith et al., 1985). An aliquot of the extract was diluted with ninhydrin reagent solution 
(Sigma-aldrich, N1632) in a ratio 1:3 of ninhydrin to extract to estimate the total amino-N 
groups content using a spectophotometer at 620 nm (Spectra Flour Plus, TEC AN U.S., Inc. 
NC) with glycine as standard. 
Statistical analysis 
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Analysis of variance was conducted with PROC GLM (year 1) and PROC MIXED 
(year 2), with years and sampling date as random effects and genotypes as fixed effects using 
the SAS statistical software package, Version 8.0 (SAS Institute, 2000). Where F-tests were 
significant at P=0.05, LSDs were computed for mean comparisons among genotypes and 
sampling dates (Steel and Torrie, 1980). Pearson correlations among fatty acids and growth 
components, metabolite concentrations, and winter injury were determined on using 
individual plot data within years by means of PROC CORR. Linear contrasts were computed 
to estimate differences between surviving and dead genotypes for various traits. 
RESULTS 
Winter injury and fatty acids in tap roots and crowns 
The fatty acid profile of alfalfa tap roots consists principally of six fatty acids: 
palmitic acid (C16:0), palmitoleic acid (C16:l), stearic acid (C18:0), oleic acid (C18:l), 
linoleic acid (C18:2), and linolenic acid (C18:3) (Table 1). Within the crown tissue, myristic 
acid (C14:0) was also present at detectable levels. Of these, myristate, palmitate, and stearate 
are saturated fatty acids, palmitoleate and oleate are monounsaturated, and linoleate and 
linolenate are polyunsaturated. 
Averaged across genotypes and sampling dates, linoleic acid was the prevalent fatty 
acid, representing about 60% of the total, with linolenate (19%), palmitate (15%), and 
palmitoleate (5%) following in abundance (Table 1). Stearate and oleate were present in 
very low concentrations. Differences in concentration were observed between the two years, 
with the concentration of total fatty acids in year 2 double that of year 1 (Table 1). The 
increase was observed for all fatty acids except palmitoleic acid, whose concentrations were 
similar between the years (Table 1). Why the concentrations differed so substantially 
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between the years is not clear, although different soil moisture and temperature conditions 
existed in the two years. 
The concentration of total fatty acids as well as each individual fatty acid changed 
across sampling dates. Most increased in concentration during the autumn acclimation period 
between August and November; stearic acid was the exception that declined (Table 1). In the 
second year, the polyunsaturated fatty acids increased 8% as a percentage of the total, 
although the trend was less evident in year one. Absolute concentrations of the fatty acids 
declined during winter, although their proportions remained roughly equivalent to those 
identified in November. 
Concentrations of palmitate, oleate, and linoleate in November and in April were 
negatively correlated with winter injury (Table 2). In April, all fatty acids except oleate 
showed a negative correlation with winter injury. Most of the correlations were moderate (r 
= -0.40, P<0.01) except for linoleate in April (r = -0.71, PcO.OOl). The 18 carbon unsaturated 
fatty acids were very strongly correlated with each other and with palmitate in November; 
other fatty acids were either very weakly or not correlated. By contrast, most fatty acids were 
moderately correlated in April, but strong correlations were not as clearly defined as in 
November. Most of the correlations among fatty acids were positive, the exception being 
palmitoleate with oleate. An interesting finding was the high negative correlation between 
winter injury and oleate in November, but weak correlation in the April sampling, suggesting 
that oleate might be an important source of desaturation for synthesis of linoleate (0.89, 
PcO.OOl) and linolenate (0.90, PcO.OOl) in the November sampling. 
All ten genotypes differed for concentrations of total and individual fatty acids in at 
least one year in both November and April and for winter injury (Table 3). In August of both 
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years, genotypes were similar for most fatty acids. Winter injury was observed in all the 
genotypes, but ranged from nearly uninjured for PI502453-1 to dead for the genotypes 
derived from nondormant cultivars (WL711-1, 5939-1) and for the diploid CADL-3, in the 
first year only (Table 3). Winter injury was more severe during the winter of 2000-1, but no 
genotype x year interaction was found (data not shown). 
In November of both years, the total fatty acid concentration in roots of plants that 
would die over winter was lower than that in surviving plants; in the second year, this was 
true for all individual fatty acids except oleate (Table 4). In addition, the most winter hardy 
genotype, PI502453-1, derived from the Russian cultivar Pavlovskaya, had a substantially 
larger total fatty acid and linoleate concentration in November 2001 and in April of both 
years than any other genotype. These results provide strong evidence that fatty acid 
concentrations are related to winter hardiness. Caution needs to be exercised in extrapolating 
these data too far, because these genotypes are derived from different genetic material—i.e., 
they do not derive from the same population—and other characteristics are segregating 
among them in addition to winter injury. 
Plant height and biomass 
We were interested to understand the relationship between fatty acid concentration 
and other morphological and physiological characteristics of the plant. Plant height, 
frequently used by alfalfa scientists to assess levels of autumn dormancy (Teuber et al., 
1998), did not differ among genotypes in August, but did after the autumn acclimation period 
in November (Table 5). Genotypes also differed for total biomass at all harvests in both 
years, and generally for root, shoot, and crown partitions of total biomass in November 
(Table 5). In August, the plants were rather small, which probably precluded finding many 
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differences in biomass. These results show that above and under ground biomass 
accumulation in all ten alfalfa genotypes developed similarly during the first 14-16 weeks 
post-establishment, but that after this point, biomass accumulation began to differentiate 
among genotypes. Space planted alfalfa genotypes showed differences in root traits 
development after 22 weeks in the seeding year (Lamb et al., 2000), which was proposed as a 
useful time to characterize root morphology traits among alfalfa entries. A strong genotype x 
year interaction was identified for shoot and autumn height in mid-October (Table 5). The 
differences observed between years suggest that testing in multiple years is necessary to 
evaluate fall dormancy (autumn height-basis) and morphological associations with winter 
hardiness. 
In November, the nondormant WL711-1 had the highest shoot and crown mass; and 
similar to the semidormant RP93-377 and ABI408 (data not shown, PcO.Ol). The 7E-116 
genotype, from the Forage Genetics, Intl. alfalfa breeding program, is derived from a 
Hungarian population that was selected for with high winter hardiness combined with good 
autumn production (Mark McCaslin, Forage Genetics, pers. comm.), which it showed at both 
sampling dates in this study (data not shown). In April, root and crown mass differed among 
genotypes, but the levels were similar to the November harvest (Table 5). 
Plant height measured in mid-October showed a moderate positive correlation with 
winter injury (r = 0.36, p<0.01; Table 6), weaker than expected from previous research that 
assayed a broad selection of germplasm (e.g., Schwab et al., 1996). Autumn height did not 
correlate with any lipids in either November or April, with the exception of stearate in 
November (r = 0.33, p<0.05). Virtually none of the biomass measures (total, shoot, crown, 
root) taken in November correlated with fatty acid concentration in November. However, 
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crown, and to a lesser extent, root biomass in November was moderately negatively 
correlated with total fatty acids, palmitate, and the 18 carbon fatty acids (Table 6). Plants 
with larger crowns and roots in late autumn tended to have lower fatty acid concentrations in 
April. 
Carbohydrate and protein concentrations 
Total non-structural carbohydrates increased from August to November in both years 
(Table 5). Some variation was observed among genotypes for TNC in August and November 
2000 and in April 2002. Starch did not differ among sampling dates in 2000-1 but increased 
dramatically between August and November in 2001, before declining by April, presumably 
as it was mobilized to support metabolic functions throughout the winter and to initiate 
regrowth. Alfalfa tap roots and crowns store soluble carbohydrates and starch as a major 
reserve component for energy supply (Haagenson et al., 2003a,b). 
The autumn acclimation period induced a rapid accumulation of large amounts of the 
soluble carbohydrates sucrose and glucose (Table 5). Fructose was present at very low levels 
throughout the experiment. Genotypes differed for starch, glucose, and sucrose concentration 
in November of both years, except sucrose in 2001. The genotypes that accumulated less 
sucrose and glucose in the November sampling (CADL-3, WL711-1 and 5939-1) were also 
those that died during the winter even though no correlation over all genotypes was identified 
between these sugars and winter injury. This result suggests that a minimum threshold 
amount of these compounds may be required for survival of plants. 
Crude protein increased and soluble protein decreased from August to April in 2001-2 
but not in 2000-1; amino-N groups increased in both years (Table 5). Genotypic differences 
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were generally evident in November and April, but usually not in August, similar as those 
reported by Dhont et al. (2002). 
Both TNC and starch measured in November were moderately negatively correlated 
with winter injury (Table 6), in accordance with previous research (Li et al., 1996; ). None 
of the simple sugars were correlated with winter injury. Sucrose has been related to winter 
survival in other experiments (Castonguay and Nadeau, 1998). TNC levels measured in 
November were not correlated with concentrations of any fatty acids measured in November, 
but were moderately correlated with several, negatively with palmitate and stearate, 
positively with palmitoleate and oleate (Table 6). At the November sampling, total fatty 
acids, palmitate, oleate, linoleate and linolenate were highly correlated with starch, glucose, 
sucrose, crude protein, soluble protein and amino-N groups, and low correlation was found 
for fructose with any fatty acid. Palmitoleate and stearate showed no correlation with any of 
the metabolites in November. Stronger correlations for many of the sugars and proteins with 
fatty acid concentrations were observed in April. 
Roots are often the preferred substrate for dissecting the plant's physiological 
response to autumn acclimation and to winter because they are a relatively homogeneous 
tissue (Volenec et al., 1991). The site for regrowth in spring and after harvest is the crown, 
however, and even though it consists of a heterogeneous mixture of organs (stems, roots, 
buds, etc.), it is really the nerve center of a regrowing alfalfa plant, and other research has 
focused on relationships among metabolites in the crown (Castonguay et al., 1995). We 
evaluated fatty acid, carbohydrate, and protein concentrations in crowns to compare with our 
root results (Table 7). Generally, fatty acid concentrations in the crown in both November 
and in April had similar correlations with winter injury (Table 8) as the root results (Table 2). 
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Linoleic acid was again the most strongly correlated. Myristic acid, which was not present in 
the roots, was not correlated with winter injury. The correlations between lipid 
concentrations in roots and crowns ranged from very high for linoleic acid in April (r = 0.91) 
to low. In general, fatty acids were moderately positively correlated between crown and root 
samples; the weakest correlations were for those metabolites in lowest concentration. Other 
metabolites measured in both roots and crowns showed variable correlation values between 
tissue types: glucose, crude protein, and amino-N were highly positively correlated, sucrose 
and soluble protein showed moderate correlations between roots and crowns, and starch and 
fructose were not correlated. 
Implications 
We have demonstrated that fatty acid concentrations vary among genotypes and that 
several fatty acids, particularly linoleic acid and linolenic acid are associated with winter 
injury. Like previous research, we showed that total fatty acids increase during frost 
hardening in winter hardy alfalfa genotypes (Grenier and Willemot, 1974a). In other 
important perennial forages, such as bermudagrass and seashore paspalum, linolenic acid 
showed the highest change during the frost acclimation period (Samala et al., 1998; Cyril et 
al., 2002). The observed changes probably affect the ability of the cells to harden by allowing 
tap root cell membranes to function normally at low temperatures. These changes may help 
the cells to withstand dehydration by extracellular ice formation. 
Associations among glycerophospholipids in membranes and linoleate has been 
found previously in alfalfa tap roots, and the synthesis and degradation is high during 
hardening (Grenier and Willemot, 1974a). The authors concluded that linoleate is 
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synthesized during hardening not only for membrane cryoprotection, but also as a lipid 
reservoir (Grenier and Willemot, 1974b). 
The positive correlation between fatty acids and starch has been also identified in 
Cucurbita fastudussima (Berry et al., 1976), and Scots pine (Anttonen and Karennlampi, 
1995). Glucose, fructose and sucrose was also negatively correlated with fatty acids in those 
species, as found herein, and the authors assume that sugars can be a major reserve for C-
skeleton synthesis for fatty acids during frost hardiness of plant species. 
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Table 1. Fatty acid methyl ester content in roots averaged of ten alfalfa genotypes at three sampling dates in each of two years 
grown in Ames, IA. Data in parenthesis are the percentage of individual fatty acids at a given sampling date. 
Sampling 
Date Total 16:0 16:1 18:0 18:1 18:2 18:3 
2000-1 
August 4.9 ± 0.4 790 ± 38 331 ±42 31 ± 1 34 ±4 3104 ±314 654 ±7 
m (7) (0.6) (0.6) (63) (13) 
November 6.9 ± 0.2 951 ±27 610 ±38* 28 ± 0.7 49 ±3 4124±189 1151 ±30* 
(14) (9) (A4) (0.7) (60) (17) 
April 6.1 ±0.3*** 820± 24* 576± 58** 28 ±1 * 69 ±7* 3547 ±241*** 1038 ± 62 
(13) (9) (0.4) (1.1) (J8) (17) 
Mean 5.9 858 501 29 49 3603 943 
m (8) (0.3) (0.8) (6^) (76) 
LSD (5%) 0.6 70 98 2 10 563 96 
2001-2 
August 9.5 ± 0.5 1738 ±81 137 ± 12 92 ±4 176 ±7 5523 ± 321 1898 ±90 
(17) (1.3) (0.9) (1.7) CM) (79) 
November 14.8 ±0.2*** 2139 ±29** 674 ±13* 27 ±0.3*** 164 ± 6 *** 8567 ± 185 *** 3116 ±44 *** 
(14) (0.2) (1.1) (J8) (27) 
April 13.2 ±0.7** 1707 ±49 444 ±33* 73 ±4 106 ± 6* 8080 ± 372** 2839 ±105* 
(13) (3) (0.J) (0.8) (67) (27) 
Mean 12.5 1880 423 62 155 7367 2613 
(15) (3) (0.J) (J 2) (J9) (27) 
LSD (5%) 1 120 39 6 15 592 162 
Year 1 vs 2 ** ** ns ** ** ** ** 
* ** *** significant among genotypes for each total and individual fatty acids per sampling date at P=0.05, P=0.01, and P=0.001, respectively. 
Table 2. Correlation coefficients of winter injury with fatty acids and correlations among fatty acids within November and 
April samplings, of ten alfalfa genotypes grown in Ames, IA and averaged of 2 years. 
November April 
16:0 16:1 18:0 18:1 18:2 18:3 16:0 16:1 18:0 18:1 18:2 18:3 
Winter Injury -0.36" -0.09 0.001 -0.48** -0.41** -0.38** -0.37* -0.41** -0.39* -0.13 -0.71** -0.51** 
16:0 0.26 -0.04 0.89** 0.93** 0.97** -0.27 0.92** 0.52** 0.76** 0.94** 
16:1 -0.22 0.22 0.28* 0.30* -0.30 -0.42* 0.12 -0.12 
18:0 0.16 0.03 -0.03 0.59** 0.82** 0.89** 
18:1 0.89** 0.90** 0.47** 0.41* 
18:2 0.88** 0.86** 
,** Significant differences for P<0.05 and P<0.01, respectively. 
Table 3. Mean of winter injury and tap root fatty acids sampled in November and April, 2000-1. Contrast of survived and 
dead genotypes in the November sampling. 
November April 
Genotype 
Winter 
Injury 
Total 
FAME* 16:0 16:1 18:0 18:1 18:2 18:3 
Total 
FAME* 16:0 16:1 18:0 18:1 18:2 18:3 
Score+ mg gDM"1 mg gDM ' 
2000-1 
SD201-1" 4.3 7.2 872 607 31 74 4599 1070 6.5 864 560 32 96 4036 979 
CADL-3§ 5.0 7.3 932 435 30 60 4713 1058 
PI502453-1* 1.4 7.1 917 489 28 52 4153 1110 10.1 825 1059 33 59 6611 1317 
RP-93-377 2.8 7.2 1018 755 26 35 4204 1265 5.3 803 641 26 71 2780 927 
7E-116 2.7 7.5 971 768 24 37 4408 1235 5.3 655 570 22 37 3099 968 
WISFAL-6* 3.6 6.7 1073 646 27 57 3645 1261 5.4 933 356 30 104 2904 1008 
ABI408 3.5 7.2 985 567 28 46 4239 1273 6.1 822 645 25 43 3450 1212 
C96-513 4.3 7.7 964 896 27 47 4487 1256 3.8 892 121 31 100 1776 800 
5939 5.0 6.1 926 483 29 40 3576 957 
WL711-1 5.0 5.5 913 389 28 44 3194 1002 
LSD(0.05) 0.4 ns ns 91 ns ns ns ns 0.7 13 134 2 13 595 ns 
Survived vs 
dead 
* ns ** ns ns ns ** 
t M. sativa L. subsp. falcata genotypes. 
§ Diploid genotypes 
* Total FAME = Total fatty acid methyl esters. 
* ** *** significant at P=0.05, P = 0.01, and P=0.001, respectively. 
Table 4. Mean of winter injury and tap root fatty acids sampled in November and April, 2001-2. Contrast between 
survived and dead genotypes estimated in the November sampling. 
November April 
Winter Total 
Genotype Injury FAME* 16:0 16:1 18:0 18:1 18:2 18:3 FAME 16:0 16:1 18:0 18:1 18:2 18:3 
S core '' mn oHM"' mo lilg gL/m ëL,iV1 g guivi 5UiV1 
2001-2 
SD201-1*§ 2.1 14.6 2122 580 25 161 9032 2765 14.9 1676 318 78 109 9254 2778 
CADL-3* 4.1 15.4 2087 740 25 142 8711 2843 10.6 1489 200 71 80 6122 2264 
PI502453-1* 1.1 17.9 2370 711 29 221 11197 3194 23.7 1500 577 84 185 12550 3009 
RP-93-377 1.8 14.5 2094 711 29 204 8135 3449 15.8 1875 560 74 99 8849 3503 
7E-116 1.9 14.5 2102 686 28 169 8051 3276 12.3 1556 584 68 108 6785 2399 
WISFAL-6* 1.8 15.2 2145 589 27 184 8653 3075 14.5 1834 474 65 120 8292 2847 
ABI408 2.7 13.4 2043 660 28 182 7470 3352 14.2 1926 359 81 83 7552 3313 
C96513 3.0 16.2 2428 703 29 156 9279 3313 11.5 1638 422 61 6115 2488 
5939 5.0 13.6 1981 667 24 87 7800 2791 
WL711-1 5.0 13.3 2025 697 26 140 7340 3099 
LSD(0.05) 0.3 0.5 64 29 1 14 402 96 2 ns 72 ns 13 810 230 
Survived vs ** ** ** ns ** ** ** ** 
dead 
' Winter injury visually scored in April as l=no winter damage, symmetrical growth, 5= dead plant. 
* M. sativa L. subsp. falcata genotypes. 
§ Diploid genotypes 
¥ Total FAME = Total fatty acid methyl esters. 
* ** *** Significant at P=0.05, P = 0.01, and P=0.001, respectively. 
Table 5. Estimates of height, tissue biomass and root constituents of ten alfalfa genotypes contrasting in winter hardiness 
and ploidy level, sampled in August, November, and April, 2000 and 2001. 
2000-1 Diff 2001-2 Diff 
Trait Aug Nov Apr Sampling^ Aug Nov Apr Sampling1 
Autumn Height, cm 22 
*
 
o
 
-
H 18 ± 1" 10 ± 0.5 21 ± 1** 
Total biomass, g 25 ± 2" 36 ± 3*** 14 ± 3" 11 ± 1" 33 ± 2*** 10 ± 1" 
Shoot mass, g 18 ± 1" 25 ± 2" 9 ± 1 24 ± 2" 
Root mass, g 4 ± 0.5 6 ± 0.5* 7 ± 1 1 ± 0.1 5 ± 0.1 *** 5 ± 0.4 " 
Crown mass, g 3 ± 0.3 5 ± 0.4* 7 ± 1*** " 1 ± 0.1* 4 ± 0.1" 5 ± 0.4 *" " 
TNC, mg gDM'1 56 ± 2"* 111 ± 2* 190 ± 14 65 ± 2 108 ± 2 203 ± 6" 
Starch, mg gDM"1 131 ± 22*** 138 ± 24* 155 ± 12" ns 139 ± 10* 291 ± 18"* 61 ± 3 *" 
Glucose, pg gDM"1 559 ± 55 2099 ± 56*** 1248 ± 154 807 ± 23* 1172 ± 23" 1008 ± 60* 
Sucrose, mg gDM'1 22 ± 2 111 ± 2*** 73 ± 8* 27 ± 2 52 ± 3 66 ± 3* 
Fructose, mg gDM1 2 ± 2 3 ± 3 3 ± 0.3* 3 ± 0.2 3 ± 0.2* 5 ± 0.2 
Crude Protein, mg gDM'1 106 ± 4 121 ± 4 "* 118 ± 8 ns 131 ± 6 166 ± 6** 177 ± 2*" 
Soluble Protein, mg gDM'1 47 ± 3 47 ±3 *** 42 ± 3* ns 62 ± 1 56 ± 1"* 55 ± 1 ** " 
Amino-N, pmoles gDM"1 45 ± 4 56 ± 4 " 91 ± 6" * 55 ± 4" 128 ± 8 191 ± 4*** 
* ** *** significant variation among 10 genotypes at P=0.05, P=0.01, and P=0.001, respectively 
t *_ ** ***significant variation among sampling dates at P=0.05, P=0.01, and P=0.001, respectively 
Table 6. Correlation coefficients of agronomie traits and root constituents with winter injury and fatty acids sampled in 
November and April, across years. 
Trait measured in Nov. WI* 
Total 
FAME* 16:0 
November 
16:1 18:0 18:1 18:2 18:3 
Total 
FAME* 16:0 16:1 
April 
18:0 18:1 18:2 18:: 
Autumn Height 0.36* 0.04 0.12 0.18 0.33* -0.03 -0.04 0.19 -0.22 0.11 -0.29 0.06 -0.06 -0.28 0.02 
Total biomass -0.02 -0.13 -0.12 0.18 -0.20 -0.09 -0.17 -0.04 -0.19 -0.25 0.10 -0.33* -0.40* -0.29 -0.20 
Shoot biomass -0.02 -0.06 -0.05 0.24 -0.16 -0.03 -0.11 0.03 -0.10 -0.19 0.09 -0.26 -0.38 -0.21 -0.13 
Root biomass -0.18 -0.23 -0.22 0.08 -0.26 -0.19 -0.26 -0.18 -0.33* -0.35* 0.15 -0.41* -0.41* -0.35* -0.30 
Crown biomass 0.13 -0.25 -0.22 -0.04 -0.22 -0.19 -0.27* -0.16 -0.39** -0.35* 0.07 -0.51" -0.35* -0.46** -0.34 
TNC -0.31* -0.06 -0.12 -0.02 -0.01 -0.16 -0.06 -0.09 -0.19 -0.36* 0.54* -0.39* 0.60" -0.19 -0.29 
Starch -0.42** 0.74** 0.77** 0.11 -0.01 0.83** 0.83** 0.83 0.67*** 0.80*** -0.03 0.71*** 0.33* 0.61" 0.80' 
Glucose -0.15 -0.55** -0.60** 0.18 -0.01 -0.52** -0.53" -0.56" -0.64*** -0.83*** 0.29 -0.83*** -0.49** -0.66*** -0.75 
Sucrose -0.11 -0.56** -0.62** 0.07 0.03 -0.59** -0.52" -0.61" -0.64*** -0.84*** 0.40" -0.80*** -0.54**' ' -0.61*" -0.77' 
Fructose 0.06 0.45** 0.49 0.26 -0.14 0.31* 0.39** 0.49" 0.24 0.41" -0.14 0.25 0.29 0.15 0.30 
Crude Protein -0.22 0.72** 0.79** 0.08 0.05 0.68** 0.67" 0.83" 0.65*** 0.78*** -0.12 0.73*** 0.25 0.59"* 0.79' 
Soluble Protein -0.19 0.63** 0.68** 0.18 0.21 0.65** 0.59" 0.71" 0.56*** 0.65*** -0.18 0.56*** 0.26 0.47** 0.66' 
Amino-N -0.31* 0.83** 0.87** 0.14 0.03 0.79** 0.78** 0.89** 0.68*** 0.80*** -0.08 0.80 0.31 0.66*** 0.79' 
* ** *** Significant at P=0.05, P= 0.01, and P=0.001, respectively. 
" Total FAME= total fatty acid methyl esters. 
WI = Winter injury, scored at l=no winter damage, symmetrical growth, 5= dead 
Table 7. Mean of crown fatty acids sampled in November and April across years. Contrast of winter survived and dead 
genotypes measured in the November sampling, and year 1 and 2 for both November and April are included. 
November April 
Winter Total 
Genotype Injury FAME* 14:0 16:0 16:1 18:1 18:2 18:3 FAME 14:0 16:0 16:1 18:1 18:2 18:3 
Score* fYi o or>M*' mg guivi rë gL,m mg gLzivi • ng gLJlVl 
SD201-1*§ 3.2 7.5 1030 783 488 72 3879 1299 5.9 821 820 158 111 2840 1170 
CADL-3§ 4.6 8.7 1756 860 634 76 4150 1275 
PI502453-1* 1.3 11.5 3473 907 916 96 4933 1234 9.4 1135 925 314 73 5465 1523 
RP-93-377 2.3 8.3 899 962 623 41 4163 1580 7.6 2731 827 272 81 2444 1087 
7E-116 2.3 8.3 838 989 717 64 4325 1424 6.5 2109 783 297 87 2648 945 
WISFAL-6* 2.7 8.4 993 1140 667 96 4242 1312 6.4 1014 963 381 94 2871 1045 
ABI408 3.1 7.7 848 911 599 67 3757 1511 7.1 2600 865 263 82 2670 984 
C96513 3.7 7.4 875 980 618 47 3409 1524 6.3 1891 905 289 125 2172 957 
5939 5.0 6.1 921 873 375 48 2864 1000 
WL711-1 5.0 6.8 825 953 331 53 3125 1538 
LSD(0.05) 0.3 0.6 96 51 76 6 371 105 0.8 ns ns 33 ns 242 111 
Survived vs dead *** *•* ns *** *** *** ns 
Year 1 vs 2 ** ns * ns ns ** *** ** ns ns ns ** *** *** 
Winter injury visually scored in April as l=no winter damage, symmetrical growth, 5= dead plant. 
t M. sativa L. subsp./a/cafa genotypes. 
5 Diploid genotypes 
v Total FAME = Total fatty acid methyl esters. 
* ** *** significant at P=0.05, P = 0.01, and P=0.001, respectively. 
Table 8. Correlations of crown fatty acids and root constituents averaged of ten alfalfa genotypes sampled in November 
and April, across years. 
November April 
Total 
Trait measured in Nov. FAME 14:0 16:0 16:1 18:1 18:2 18:3 Total 14:0 16:0 16:1 18:1 18:2 18:3 
Root: Total FAME* 0.73"* 0.34" 0.56*" 0.44*** 0.30* 0.69*** 0.71*** 0.77*** 0.29 0.44** 0.42** -0.66*** 0.89*** 0.82*" 
16:0 0.66*** 0.24 0.59*" 0.38** 0.26 0.65*** 0.71*** 0.77"* 0.47" 0.55*" 0.48** -0.65*** 0.68*** 0.79*** 
18:1 0.75** 0.37" 0.56*** 0.47" 0.38" 0.71*** 0.72*** 0.40* 0.11 0.19 0.41* -0.21 0.44" 0.39* 
18:2 0.72*** 0.41" 0.45" 0.44" 0.32* 0.67*** 0.63*** 0.76*** 0.24 0.48** 0.40* 0.66*** 0.91*" 0.84*** 
18:3 0.63*** 0.16 0.63"* 0.36** 0.22 0.63*** 0 79". 0.81*" 0.45*** 0.55*" 0.46** -0.70*** 0.78*** 0.84*** 
Autumn Height -0.24 -0.41" 0.14 -0.26* -0.51*** -0.15 0.23 -0.09 0.17 -0.07 0.02 -0.04 -0.25 -0.06 
Total biomass -0.01 -0.06 0.09 -0.05 -0.35" -0.01 0.13 -0.18 0.17 -0.33* -0.11 0.10 -0.30* -0.35* 
Shoot biomass 0.05 -0.03 0.09 -0.03 -0.31 0.02 0.15 -0.11 0.19 -0.31* -0.10 0.06 -0.21 -0.28 
Root biomass -0.06 -0.17 0.07 0.04 -0.26 0.004 0.04 -0.29 -0.002 -0.23 -0.09 0.17 -0.33* -0.37* 
Crown biomass -0.19 -0.25 0.02 -0.21 -0.40" -0.14 0.08 -0.31* 0.15 -0.40" -0.16 0.19 -0.45** -0.45" 
TNC -0.09 -0.11 0.04 -0.01 -0.01 -0.06 -0.09 -0.29 -0.19 -0.12 -0.25 0.03 -0.23 -0.22 
Starch 0.45** 0.03 0.45" 0.25 0.05 0.48*** 0.69*** 0.61"* 0.43** 0.31 0.43" -0.73*** 0.54 0.62*** 
Glucose -0.35" -0.10 -0.40** -0.05 -0.24 -0.37" -0.44*** -0.64*** -0.37** -0.55*** -0.46** 0.55" -0.63*** -0.75*** 
Sucrose -0.41" -0.12 -0.46** -0.06 -0.18 -0.43*** -0.50*** -0.69*** -0.34* -0.51"* -0.42** 0.51*** -0.59*** -0.69*** 
Fructose 0.12 -0.02 0.35" 0.03 -0.04 0.08 0.36** 0.35* 0.32* 0.18 0.49*** -0.14 0.24 0.23 
Crude Protein 0.42** 0.05 0.44*" 0.18 0.07 0.43*** 0.68*** 0.61*** 0.38" 0.38** 0.37* -0.67*** 0.57*** 0.67*** 
Soluble Protein 0.42*** 0.23 0.39" 0.25 0.03 0.31* 0.57*** 0.52*** 0.42** 0.41** 0.37* -0.51*** 0.45** 0.46** 
Amino-N 0.56*** 0.16 0.53*** 0.29* 0.17 0.56*** 0.73*** 0.67*** 0.32* 0.32* 0.39" -0.70*** 0.69*** 0.71*** 
* ** *** significant at P=0.05, P = 0.01, and P=0.001, respectively. "Total FAME= total fatty acid methyl esters. WI = Winter injury, scored at l=no winter damage, symmetrical growth, 5= dead 
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CHAPTER 3. GENETIC VARIANCE AND HERITABILITY OF 
WINTER HARDINESS IN ALFALFA: AUTUMN GROWTH 
COMPONENTS AND METABOLITE PROFILES 
A paper to be submitted to Crop Science 
B. Alarcôn Zuniga, Paul M. Scott, Diane Luth, Kenneth J. Moore, and E. Charles Brummer. 
ABSTRACT 
Winter survival of alfalfa (Medicago sativa L.) has often been associated with fall 
dormancy based on autumn height. The objectives of this study were to estimate the extent of 
variability and herilability for autumn growth components and the accumulation pattern of 
tap root metabolites in an F1 population of a cross between M. sativa subsp. sativa (ABI408) 
and falcata (WISFAL6). The F1 population was established at Ames, IA in a 2 year 
experimental period, with sampling in August and November, and winter injury scored in 
April. On average across years, the parents were similar except that ABI408 had higher shoot 
and crown biomass and stem number in August and increased concentrations of total 
nonstructural carbohydrates, sucrose, crude and soluble protein, and amino-N in November. 
WISFAL-6 had higher concentrations of starch, linoleate, and total fatty acids in November. 
Although differences among the individuals in the F1 population were present for all traits, 
and transgressive segregation present for many, the population mean tended to fall 
intermediate to the two parents. For root and crow mass in November, it was higher than the 
midparent and for crude and soluble protein in November, it was lower than the midparent. 
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No difference in winter injury were found between the parents or between the parental 
midpoint and the F1 population mean. Broad sense heritabilities on an entry mean basis were 
0.58 for winter injury, 0.60 for plant height in November, and ranged from 0.44 to 0.63 for 
shoot, crown, and root mass in August and November. Total fatty acid concentration had an 
H2 of 0.72 in August and 0.44 in November. Heritabilties of most individual fatty acids, 
crude and soluble protein, amino-N, glucose, sucrose, total nonstructural carbohydrates, and 
starch were generally moderate (0.3 to 0.6). Autumn plant height had weak positive genetic 
correlations with winter injury, in contrast to other research. Shoot, crown, and root biomass 
in both August and November showed strong negative genetic correlations with winter 
injury, suggesting that in this population, winter survival was related to plant vigor. 
Phenotypic and genetic correlations of winter injury with carbohydrates and fatty acids were 
not evident; however, soluble protein and amino-N groups were negatively correlated with 
winter injury. Preliminary genetic mapping identified several chromosomal locations 
associated with most traits. These results suggest that the determinants of winter survival in 
this population formed from semidormant parents differ from those in populations with 
nondormant parental genotypes. 
INTRODUCTION 
As winter approaches, winter hardy alfalfa becomes dormant, a physiological reaction 
in which plants undergo morphological and physiological changes in response to decreasing 
temperatures and other environmental factors (Monroy and Dhindsa, 1995). Autumn (fall) 
dormancy imparts cold tolerance and winter hardiness, but unfortunately, from an agronomic 
standpoint, it is also associated with decreased biomass accumulation and more decumbent 
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growth when compared with non-dormant alfalfa. Across the broad range of alfalfa cultivars 
from very fall dormant to nondormant, high positive phenotypic correlations exist between 
autumn growth and winter injury (Smith, 1961, Larson and Smith, 1963, Schwab et al., 1996, 
and Cunningham et al., 2003. Similar genetic correlations were observed in an experiment 
crossing among a wide range of dormancy classes (Perry et al., 1987). However, when 
examining crosses among more restricted dormancy classes, the relationship between the 
traits has been either nonexistent or negative; that is, more autumn growth led to less winter 
injury (Busbice and Wilsie, 1965; Brummer et al., 2000). These results suggest that the 
relationship between autumn growth (dormancy) and winter injury is complex and is 
dependent on the range of germplasm under evaluation. The fact that populations have been 
observed in which no relationship was found between the traits strongly intimates that 
appropriate selection methods should be able to decouple the traits, at least to an extent 
(Brummer et al., 2000). 
Root morphology and the concentrations of physiologically important compounds in 
roots during the autumn and winter are associated with winter hardiness (Brown and 
Volenec, 1989). Traits such as large taproot diameter and a high number of lateral roots have 
been related to superior winter survival (Juan et al., 1994; Johnson et al., 1998). Sucrose, 
stachyose, and raffinose accumulation in alfalfa tap roots and crowns has been reported to 
increase during the cold acclimation period, while concentrations of glucose, fructose and 
starch declines (Castonguay et al., 1995). Changes in protein concentrations and gene 
expression have also been described during this period (Daday et al., 1964; A vice et al., 
1997). However, the accumulation pattern for soluble carbohydrates and other metabolites 
has not been consistently observed in different germplasms differing in winter injury 
44 
(Castonguay and Nadeau, 1998; Cunningham and Volenec, 1998; Cunningham et al., 1998, 
2001). Heritabilities, genetic variances, and genetic correlations between metabolites and 
winter injury have not been reported previously. 
Near infrared reflectance spectroscopy (NIRS) has been widely used to accurately 
predict the forage quality of temperate and tropical perennial forages (Norris et al., 1976), as 
well as to estimate plant morphological and chemical constituents in several species 
(Windham et al., 1989). This technology has been used to estimate total root nonstructural 
carbohydrates (Brummer et al., 1992; Brink and Marten, 1986), but has not been tested 
adequately for its capacity to analyze root protein, amino acid, and lipid concentrations. 
We have previous evidence in a segregating F1 alfalfa population that the genetic 
correlation between winter injury and autumn plant height is close to zero (Brummer et al., 
2000). We hypothesized that various metabolites might be related to one or both of these 
traits, based on the previous observations discussed above, and that some of these 
metabolites may be genetically related to one another. The objectives of this experiment 
were (i) to evaluate the genetic relationships among autumn plant growth, winter injury, and 
concentrations of carbohydrates, soluble protein, amino-N groups, and fatty acids during late 
autumn in a segregating F1 alfalfa population and (ii) to determine the utility of NIRS for 
analysis of root metabolites. 
MATERIAL AND METHODS 
Plant Materials 
An elite genotype of M. sativa subsp. sativa, ABI408 obtained from the commercial 
breeding program of ABI Alfalfa, Inc. was hand-crossed as male to a genotype, WISFAL-6, 
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of M. sativa subsp. falcata derived from the semi-improved WISFAL germplasm (Bingham, 
1993). An F1 population of 200 individuals was derived from this cross, and showed 
segregating for yield, winter injury and autumn growth (Brummer et al., 2000). The 200 F1 
individuals, two parents and eight checks were clonally propagated by stem cuttings in the 
greenhouse and transplanted at the Agronomy and Agricultural Engineering Research Farm, 
Ames, IA (42° N 93.5° W) in a well drained, fine loamy, mesic Aquid Haplulloc soil on June 
1, 2001 and again on May 15, 2002. In both years, the experiment included three sampling 
dates (August, November and April) which were randomly assigned within each of three 
blocks. The design for each sampling date was a 14 x 15 rectangular a-lattice design with 3 
replications. An experimental unit (plot) consisted of five plants per genotype within each 
replication; space planted 15 cm apart within rows, which were separated by 75 cm. No 
fertilization was applied, insects were controlled chemically using Dimate (a.i. Dimethoate) 
or Pounce 25 WP (a.i. Permethrin), and plants were hand-weeded. 
Growth components 
The F1 population, parents and checks were destructively sampled in Year 1 on 
August 24, November 14, 2001, and April 10, 2002 and in Year 2 on August 24, November 
9, 2002, and April 14, 2003. Each plant in each plot was scored for height, maturity, and 
stem number at the August sampling date, prior to destructive sampling. In November, the 
plants were scored for height prior to sampling; some freezing damage was present in shoots 
at that time. At both sampling dates, the plants were dug at 25 cm-depth, washed in water 
buckets, and tap roots, crowns, and shoots separated. Because these plants were grown from 
cuttings, a true tap root was not present, but a significant quasi-taproot was present in all 
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cases. The shoots and crowns were dried in a forced air dryer at 60°C for 48 h. Dried 
samples were weighed and biomass computed. The tap roots to a 10 cm depth were frozen 
with liquid nitrogen and stored in dry ice for transportation to the laboratory, where they 
were stored at -80°C until freeze-drying, during which the temperature was initially set to -
50°C and gradually increased to 0°C after seven days. The freeze-dried tap roots were 
weighed and finely ground with a 1 mm mesh screen (UDY cyclon, UDY Manufacturing, 
Fort Collins, Co). On April 12, 2002, the remaining plants were scored for winter injury 
using the method of McCaslin and Woodward (1995), which included the digging of the 
complete plant and visually scoring on a scale of 1 = no injury, all plants symmetrical with 
equal root length to 5 = all dead plants. The plants were discarded in the field following 
scoring of winter injury. 
NIRS calibration 
The ground tap root samples were scanned using near-infrared reflectance spectroscopy 
for each sampling date and year (Windham et al., 1989). A Pacific Scientific 6250 scanning 
monochromator was used to collect reflectance measurements (log 1/R) between 1100 to 2500 
nm at 4-nm intervals (NIRS Systems, Silver Springs, MD 20910). Small ring cups were used to 
scan the samples. Because of the small amount for samples in August, we used a ring adapter to 
insert in the ring cup thereby decreasing the sample containing area, and the sample was placed 
in the central hole. The hole was sealed with a white paper lid. The ring adapters were not used 
for the November samples because the plants were larger and the sample size was sufficient to 
fill the cup. Fifty calibration samples, representing the range of spectra for the entire sample set, 
were selected for wet chemical analysis of the metabolites (Shenk and Westerhaus, 1991). 
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Mathematical procedures on the spectral information were carried out with ISI software, version 
3.O., taking derivatives from 0th to 3rd order, defining the gaps over which derivatives were 
calculated, and smoothing the spectra. Calibration equations were calculated using modified 
partial least squares regression (Windham et al., 1989; Shenk and Westerhaus, 1991). 
Metabolite concentrations were converted to a percentage basis to obtain the best treatment and 
mathematical equation. The best treatment was chosen following a trial and error procedure, the 
selection criteria being the smallest standard error of cross validation and largest value for the 
validation of coefficient of determination (Tables 1 and 2). 
Metabolite analyses for calibration set 
Soluble carbohydrates were extracted from 25 mg of tap root samples using 80% 
(v/v) ethanol three times in sequence (Cunningham et al., 1998). The combined supernatant 
from the three extractions was diluted to 10 mL of 80% ethanol, and 1 mL was used to 
analyze total nonstructural carbohydrates (TNC) with the anthrone assay, quantified with a 
glucose standard (Koehler, 1952). The remnant 9 mL of the combined supemant was dried at 
70°C and 1 ml of HPLC grade water added to resuspend fructose, glucose and sucrose, which 
were quantified by enzymatic assays (Sigma Chemical Co., St. Louis, MO; SCA20, sucrose; 
FA20, fructose; GAG020, glucose). Starch content was estimated from the dried ethanol-
extracted residue as follows: the residue was boiled with 500 jj.1 of HPLC grade water for 10 
min, and starch hydro! y zed by incubating tissues with 400 [4.1 of 200 mM acetate buffer 
(pH5.0) and 40 units of alpha-amylase (Sigma, A0273 from A. oryzae) and 1 unit of 
amyloglucosidase (Sigma, A3514 from Aspergillus niger) at 55°C for 24 h (Smith, 1981; 
Brown and Volenec, 1989). An aliquot of supernatant sample was used to quantified starch 
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as glucose * 0.9 base, using the glucose trinder assay (Sigma Chemical Co., St Louis, MO.; 
GAG020). 
Total tap root N was estimated using dry combustion in a CHN-2000 analyzer (LECO, 
Corp., St. Joseph, MI) and crude protein obtained by multiplying total N x 6.25 (Matejovic, 
1997). Soluble protein and amino-N groups were extracted in 50 mg of sample using 50 mM 
of sodium phosphate-buffer. Soluble protein was quantified by the bicinchoninic acid 
procedure (BCA Protein Assay Reagent Kit, Pierce Inc., Rockford, IL, product 23225) using 
bovine serum albumin (BSA) as standard (Smith et al, 1985). The extract was diluted with 
ninhydrin reagent solution (Sigma-Aldrich, product N1632) in a ratio 1:3 of ninhydrin to 
extract and read absorbance at 620 nm, using glycine as standard. 
Fatty acids were extracted from 250 mg of sample using 1.5 ml of methanolic HC1 at 
70°C for 2 h (Sukhija and Palmquist, 1988). One ml of 4 mg ml"1 of heptadecanoate was 
added to each sample as an internal standard (Seconni and Karsten, 2001). Samples were 
cooled to room temperature, 2.5 ml of 6% of potassium carbonate and 1 ml of hexane were 
added, and samples were microfuged at 1500 rpm for 5 min. The supernatant was transferred 
to a charcoal tube (Supelco charcoal tubes, 3 ml, 0.25 g charcoal, product 57088) to remove 
any residual compound apart from fatty acids. The sample was collected in an amber vial 
from a Visiprep-DL SPE vacuum manifold (Supelco, product 57044) in which a stream of N 
gas forced the residual sample from the charcoal tubes, and 15 jul of 0.5% butylated 
hydroxytoluene (BHT) in hexane was added to each filtered sample. The fatty acid 
quantification was done in a Hewlett-Packard 5890 series II gas chromatograph fitted with 
automatic sampler 7673 GC/SFC, integrator HP 3396 series II, controller HP 7673 and FID 
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detector. One jxl of sample was injected into the fused silica capillary column 2.5 mm x 30 m 
(SP2330, Supelco Inc., Bellafonte, PA), with temperature programmed from 160 to 225 at 
2°C min"1, during a 30 min run time. The gas flows were as follows: carrier helium, 1 mL 
min"1, hydrogen, 30 mL min"1, air, 400 mL min"1, and nitrogen, 1 mL min"1. 
Statistical analysis 
Data were analyzed within sampling date for each year. Linear contrasts using the 
MIXED procedure were computed across years to estimate differences among parents, 
between each parent and the progeny mean, and between the mid-parental value and the 
progeny mean. To estimate heritabilities, checks and parental entries were deleted, and the 
progeny data alone were analyzed under a random model in PROC MIXED 
(Littell et al., 1996), from which variance components, and their standard error, for genotype, 
genotype x location, and error were obtained. Broad sense heritabilities were calculated on an 
entry mean basis according to Nyquist (1991): 
H2 = — 
a2e + c2gy + a2g 
ry y 
Where o2g, a2gy, and a2e represent variance components due to genotype, genotype x 
year, and experimental error, respectively; y is the number of years (y = 2), and r is the 
number of replications per year (r = 2). For broad sense herilability on a plot basis, a2gy and 
a2e were not divided by the number of locations or replications by year, respectively. 
Approximate standard errors of the heritability estimates were computed using the delta 
method (Lynch and Walsh, 1998). Pearson correlation using the entire progeny data set by 
the CORR procedure was used to estimate the phenotypic correlations among traits, using 
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entry means across years. To estimate the genetic correlation between any two variables, the 
complete data set was analyzed, considering entries as fixed effects, to generate least square 
means for genotypes at each location. The means of the 200 progenies for the two variables 
being correlated were used to compute the variances and covariances using the MANOVA 
statement in PROC GLM (SAS, 2000). The genetic correlation and its standard error were 
computed based Falconer and Mackay (1996). The significance of all genetic correlations 
were considered to be at the 5% level and N-2 degrees of freedom (N = number of 
genotypes) and the null hypothesis test was r = 0, unless noted otherwise (Steel and Torrie, 
1980). 
RESULTS AND DISCUSSION 
NIRS analysis 
Tables 1 and 2 show the cross validation and external validation statistics for the 
calibration equations developed for the metabolites analyzed in August and November, 2001 
and 2002, respectively. Calibration equations for most of the metabolites showed a close 
relationship between NIRS and reference values, with a coefficient of determination higher 
than 0.8 in the validation set. 
Reliable calibration equations were developed for TNC, starch, glucose, sucrose, 
crude protein, soluble protein, amino-N groups, palmitate, oleate, linoleate, linolenate and 
total fatty acids in both sampling dates and years. However, mathematical treatments failed 
to obtain reliable equations for fructose just in the November sampling, and myristate, 
palmitoleate, and stearate in both sampling dates, probably due to the small concentrations of 
these constituents and the limited amount of variation available among calibration set 
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samples (data not shown, R2<0.6). Nevertheless, the predicted values for most of the 
metabolites are within the range reported by several authors using the same methodologies 
for derealization and raw quantification (Avice et al., 1997; Cunningham et al., 1998; 
Cunningham et al., 2003; Haagenson et al., 2003a,b; Volenec et al., 1991). 
Autumn growth components 
In the analysis of variance for all the autumn growth components (not shown), 
genotype effect and genotype x year effect were significant for roots, crowns, height, 
maturity, stem number and stem weight in both November and April sampling dates. These 
differences could be largely attributed to different magnitudes of values between years. We 
have presented the data as means across the two years and note interesting individual year 
phenomena as they occur. 
In August, the parents ABI408 and WISFAL-6 differed for maturity, stem number, 
shoot and crown mass, and root:crown ratio, with the ABI408 parent higher in all traits but 
the last (Table 3). In November, the parents did not differ for any trait. Winter injury, 
scored in April, was also similar between the parents. Variation was identified among the F1 
progeny for all traits in both August and November. The F1 population mean fell in a range 
between both parents among and across year for most of the autumn growth components, and 
it resembled to the subsp. sativa parent more than the falcata parent mean (Table 3). Mid 
parent heterosis was not present for morphological traits except for root mass in August and 
November and crown mass in November. Differences among individuals in the F1 
population were observed for all traits, with transgressive segregation present in both 
directions for all above and below ground morphological traits in both August and November 
and for winter injury scored in April (Table 3). 
52 
The phenotypic correlations on a plot mean basis between shoot mass and winter 
injury were similar in August and November (-0.16, P<0.05). This correlation was almost the 
same as that found in root (-0.17), and crown (-0.24) with winter injury, at each sampling 
date (Table 7). Plant height and winter injury were not correlated in any sampling, as shown 
previously in this population (Brummer et al., 2000). The genetic correlation between winter 
injury and shoot, root and crown mass was negative during both samplings and these 
morphological components were at the same time positively correlated with each other, 
suggesting that vigorous plants were the likeliest to survive low temperatures. No phenotypic 
and genetic correlation between maturity and winter injury was found. 
Heritability of Autumn Growth Components 
The broad-sense heritabilities on an entry mean basis for autumn growth component 
traits were moderately high (Table 5). As expected, the entry mean heritabilities are 
substantially higher than plot based estimates. This is important, because much alfalfa 
breeding is done based on single plot (or even single plant) evaluations; heritabilities can be 
much improved by moving to a replicated design. Remarkably few studies have estimated 
any heritability measure for these traits. The heritability of these two traits were quite high, 
0.60 for autumn height and 0.58 for winter injury (Table 8). On a plot basis, the heritabilities 
were reduced about one-half, but they still moderately high (0.24 for height and 0.22 for 
winter injury) (Busbice and Wilsie, 1965; Perry et al., 1987; Brummer et al., 2000). In 
general, the genotypic variance was either equal to or larger than the variance component due 
to genotype by environment interaction (Table 5). 
Autumn Metabolite Profiles 
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The accumulation pattern for most of the metabolites analyzed in the tap roots 
showed a normal distribution in the F1 population (Figs. 1 and 2). Differences among 
individuals in the population were present for all traits (PcO.Ol). In August, the two parents 
were quite similar for most traits except that ABI408 accumulated more starch, crude protein, 
and soluble protein than WISFAL-6 (Table 6). In November, however, most traits differed 
between parents, with WISFAL-6 having higher levels of starch, linoleate, and total fatty 
acid methyl esters, and ABI408 higher in sugars and proteins (Table 6). Few differences 
between the population mean the either parent or the mid-parental value were noted in 
August. In November, some differences were noted, and in particular, midparent heterosis 
was present for crude protein and soluble protein. The polyunsaturated fatty acids linoleate 
and linolenate corresponded to 50 and 20%, respectively, of the total fatty acids, a percentage 
that was constant through the autumn acclimation period. 
The F1 population developed an appreciable increased concentration of metabolites 
from August to November. The metabolite concentration in November ranged from zero for 
soluble protein up to 2-folds for starch, sucrose and amino-N groups (Table 12). Within the 
fatty acids fraction, linolenate content increased approximately 60% as compared with the 
August level, followed by palmitate (49%), linoleate (41%), oleate (35%), and total fatty 
acids (36%), similar to those reported by Grinnier and Willemot (1974 a,b). 
No root metabolite concentrations in August were genetically correlated with winter 
injury (Table 7). However, high levels of root TNC and starch in August were genetically 
correlated with mono and disaccharides, protein and fatty acids. Root protein and amino-N 
groups in November showed small but positive genetic correlations with winter injury (Table 
8). This contrast with previous research that showed high root protein concentrations in 
November and December were positively associated with increased fall dormancy and 
enhanced winter survival in previous studies (Cunningham et al., 1998; 2001). 
The high concentration in TNC, starch, and glucose were genetically correlated with 
root mass in both August and November (Table 17 and 18). 
In our previous experiment estimating the relationship between fatty acids and winter 
injury, linoleate, linolenate and crown biomass were highly correlated (Alarcon-Zuniga, 
2003, Chapter 2). Similar results were found in the F1 population. Crown mass was 
correlated with linolenate and total fatty acids (Table 17). Further work is needed to clarify 
the adaptive significance of fatty acid accumulation in both crowns and roots of forage 
legumes, and the physiological mechanism facilitating this process. 
Broad sense heritability on an entry mean basis for metabolites showed a large range 
in August (Table 15). TNC had the lowest heritability (0.31) and total fatty acids the highest 
(0.72). Heritabilities on a plot basis were lower than on an entry mean basis. Overall, 
heritabilities in November were higher than those in August. In contrast to the 
morphological traits, the genotype by environment variance was larger (and sometimes 
substantially so) than the genotypic variance for root metabolites. 
CONCLUSIONS 
Genetic differences in alfalfa winter hardiness have been studied for decades, but the 
physiological and molecular mechanisms controlling winter hardiness are not completely 
understood. Our results clearly show that biomass accumulation and carbohydrates, amino-N 
groups and fatty acids content in tap roots are highly affected as the plant approaches the low 
temperatures of late autumn. Even though the low phenotypic and genetic correlations 
between differential accumulation of metabolites in taproots with winter injury was present, 
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this was contrary between root and crown masses with winter injury (rA>-0.6), and positive 
correlation between root and crowns masses with metabolites suggest that certain metabolic 
pathways might be specifically involve in the winter hardiness of alfalfa, with a limited 
response to switch the physiological mechanism for winter survival, independently of the 
winter damage in both crowns and roots. If this response is real, then we would expect that 
major genes can be responsible for a significant acclimation response, and minor genes might 
be in charge of the basic metabolism to pass through at the low temperatures exposed during 
the winter. 
As proposed by Brummer et al. (2000), if major genes are involved in the triggering 
of the various pathways leading to winter hardiness and selection for high autumn growth in 
winter hardy cultivars or high winter survival in non winter hardy cultivars may be possible. 
Cunningham et al. (2003) and Volenec et al. (2002) demonstrated that selection for autumn 
growth and total yield has been highly effective when strong efforts were done during the 
acclimation period to improve autumn growth. 
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Table 1. Near infrared reflectance spectroscopy calibration and prediction statistics 
for alfalfa root metabolites sampled in August and November, 2001, in Ames, 
IA. 
Trait Mean SEC R2 SECV 1-VRt Range SD Terms 
August 2001 
TNCf 48 66 2.3 0.94 5.9 0.611 38-87 9.5 9 
Starch 47 143 11 0.972 18 0.916 57-290 63 5 
Fructose 45 2.8 0.19 0.919 0.4 0.659 2-5 0.7 5 
Glucose 47 7.7 0.2 0.993 1.4 0.689 3.8-14 2.4 9 
Sucrose 50 29 2.5 0.914 6.7 0.394 13-52 8.6 8 
CP 48 127 1.9 0.993 8.1 0.884 55-168 24 9 
SP 50 59 4.2 0.666 6.6 0.296 47-74 7.2 3 
AA-N 47 54 3.7 0.924 9.5 0.507 30-89 13 7 
Palmitate 47 1817 72 0.943 146 0.769 910-2348 301 6 
Oleate 47 184 11 0.935 31 0.715 87-315 45 7 
Linoleate 46 5628 1.9 0.971 5.7 0.763 2763-8798 1162 8 
Linolenate 48 2040 1.5 0.861 2.3 0.684 1025-2749 402 4 
FAME 46 11 0.4 0.962 0.8 0.81 5-15 1.8 8 
November. 2001 
TNC 41 103 6.2 0.792 14 0.018 84-132 13 5 
Starch 43 322 12 0.974 23 0.904 180-480 43 5 
Glucose 44 121 9.7 0.843 21 0.294 64-181 24 6 
Sucrose 44 54 1.5 0.983 9 0.432 36-84 11 8 
CP 46 169 4.8 0.928 10 0.63 140-215 16 6 
SP 44 55 1.2 0.931 3 0.535 48-66 4 6 
AA-N 44 129 2.9 0.983 15 0.577 90-188 23 7 
Palmitate 44 2121 49 0.946 166 0.375 831-3650 208 8 
Oleate 43 192 25 0.879 40 0.697 55-310 56 8 
Linoleate 44 8158 565 0.893 38 0.724 5780-11900 76 5 
Linolenate 43 3298 308 0.858 353 0.350 1876-4290 441 7 
FAME 43 15 0.8 0.858 1.5 0.724 12-18 2.3 6 
t n=number of samples used in calibration set; SEC = Standard error of calibration; R = Coefficient of determination; SECV = Standard 
error of the cross validation; 1-VR = validation coefficient of determination 
f TNC = Total nonstructural carbohydrates; CP=Crude Protein; SP=Soluble protein; AA-N=Amino-N groups. 
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Table 2. Near infrared reflectance spectroscopy calibration and prediction statistics 
for alfalfa root metabolites sampled in August and November, 2002, in Ames, 
IA. 
Trait n$ Mean SEC R2 SECV 1-VRt Range SD Terms 
August 2002 
TNC' 48 55 2.7 0.921 7.2 0.442 41-81 9.6 7 
Starch 47 130 8.2 0.961 18 0.811 37-198 41 8 
Fructose 49 2.7 0.2 0.910 0.3 0.670 1.3-3.9 0.6 6 
Glucose 40 285 39 0.730 69 0.16 149-496 75 3 
Sucrose 48 21 1.6 0.952 4.7 0.594 7-42 7 9 
CP 38 116 1.9 0.989 7.1 0.856 81-161 19 8 
SP 47 49 3.9 0.732 5 0.586 27-65 8 2 
AA-N 47 47 2.9 0.896 6.9 0.458 23-71 9 7 
Palmitate 48 989 37 0.970 88 0.847 489-1768 176 5 
Oleate 45 58 5 0.961 22 0.284 38-75 29 8 
Linoleate 44 3959 516 0.865 752 0.713 1920-5389 1253 6 
Linolenate 47 16 1.34 0.991 9.4 0.368 7-29 11 8 
FAME 49 6.5 0.67 0.882 1 0.756 3-14 1.8 6 
November. 2002 
TNC 47 119 2.1 0.983 7.7 0.782 89-167 16 9 
Starch 45 265 5.9 0.991 27 0.824 126-367 63 8 
Glucose 47 72 2.8 0.964 7.8 0.741 31-101 15 6 
Sucrose 47 84 2.6 0.977 7.1 0.841 57-147 17 9 
CP 44 139 1.4 0.988 3.6 0.921 110-165 13 8 
SP 48 55 2.1 0.742 2.9 0.52 46-66 4 3 
AA-N 50 77 3.0 0.947 7.9 0.649 52-104 13 8 
Palmitate 46 1790 48 0.932 149 0.875 827-2490 213 6 
Oleiate 49 235 13 0.867 36 0.654 165-398 45 7 
Linoleate 50 7486 198 0.931 89 0.574 3829-9529 139 5 
Linolenate 46 739 45 0.945 35 0.453 548-1974 52 6 
FAME 45 16 0.8 0.883 2 0.768 8-21 4 7 
t n=number of samples used in calibration set; SEC - Standard error of calibration; R2 = Coefficient of determination; SECV = Standard 
error of the cross validation; 1 -VR = validation coefficient of determination 
t TNC = Total nonstructural carbohydrates; CP=Crude Protein; SP=Soluble protein; AA-N=Amino-N groups. 
Table 8. Genetic (above the diagonal) and phenotypic (below the diagonal) correlations and their respective standard 
errors (italic) among autumn taproot metabolites accumulation and winter injury in November, in Ames, IA. 
Averaged of 2 years. 
TNC Starch Glucose Sucrose CP SP AA-N Palmitate Oleate Linoleate Linolenate Total 
FAME 
Winter 
Injury 
TNC -0.30 0.81 0.78 0.09™ 0.43 0.48 -0.15™ -0.48 0.1NS -0.23 -0.11NS -0.15™ 
(0.4) (0.6) (0.06) (0.1) (0.5) (0.6) (0.1) (0.2) (0.1) (0.1) (0.1) (0.4) 
Starch -0.08ns 0.24 -0.12™ -0.25 -0.11NS -0.16™ -0.31 0.73 -0.29 0.21 -0.18 -0.18ns 
(0.03) (0.1) (0.1) (0.1) (0.1) (0.1) (0.3) (02) (0.1) (0.2) (0.1) (0.1) 
Glucose 0.43 0.11 0.65 0.23 0.45 0.06NS 0.38 0.31 0.18 0.31 0.18NS 0.0002™ 
(0.03) (0.03) (0.1) (0.1) (0.2) (0.2) (0.2) (0.2) (0.2) (0.5) (0.1) (0.1) 
Sucrose 0.47 -0.01NS 0.44 0.67 0.46 0.41 0.39 0.44 0.25 0.18 0.28 0.07NS 
(0.02) (0.03) (0.03) (0J) (0.1) (0.1) (0.2) (0.1) (0.3) (0.1) (0.3) (0.1) 
CP 0.21 -0.07NS 0.22 0.34 0.75 0.85 0.62 0.31 0.15™ 0.61 -0.35 0.48 
(0.03) (0.03) (0.03) (0.03) (0.07) (0.06) (0.1) (0.2) (0.1) (OJ) (0.2) (0.1) 
SP 0.25 0.03NS 0.30 0.36 0.67 0.52 0.73 0.31 0.42 0.23 0.58 0.25 
(0.03) (0.04) (0.03) (0.03) (0.02) (0.1) (0.1) (0.1) (0.2) (0.1) (0.2) (0.1) 
AA-N 0.09 -0.02ns 0.17 0.23 0.71 0.48 0.62 0.48 0.55 0.37 0.43 0.44 
(0.03) (0.03) (0.03) (0.03) (0.02) (0.03) (0.1) (0.06) (0J) (0.1) (0.1) (0.1) 
Palmitate -0.01NS -0.11 0.27 0.14 0.40 0.54 0.47 -0.13™ 0.86 0.85 0.73 0.08™ 
(0.1) (0.03) (0.03) (0.02) (0.1) (0.1) (0.03) (0.1) (0.04) (0.07) (0.1) (0.02) 
Oleate -0.32 0.58 0.18 0.10 0.24 0.19 0.31 0.09 0.37 0.38 0.62 0.15™ 
(0.04) (0.06) (0.03) (0.01) (0.03) (0.01) (0.05) (0.01) (0.02) (0.1) (0.06) (0.06) 
Linoleate -0.002NS -0.17 0.07 NS 0.08ns -0.09 0.24 0.31 0.58 0.20 0.53 0.99 0.02™ 
(0.01) (0.03) (0.03) (0.01) (0.04) (0.03) (0.07) (0.1) (0.03) (0.06) (0.2) (0.04) 
Linolenate -0.27 0.47 0.19 0.08 NS 0.43 0.49 0.48 0.60 0.56 0.32 0.68 0.16ns 
(0.03) (0.05) (0.02) (0.02) (0.02) (0.03) (0.02) (0.1) (0.02) (0.05) (0.04) (0.02) 
Total -0.03ns -0.05ns 0.04NS 0.06NS -0.13 0.29 0.34 0.61 0.29 0.91 0.49 0.07ns 
FAME (0.01) (0.01) (0.02) (0.01) (0.01) (0.02) (0.03) (0.01) (0.01) (0.1) (0.02) (0.01) 
Winter 0.01NS -0.07ns -0.004NS 0.02™ 0.10™ 0.10™ 0.10NS 0.01™ 0.07™ 0.001™ 0.04™ 0.02™ 
Injury (0.03) (0.04) (0.03) (0.03) (0.03) (0.03) (0.0% (0.01) (0.01) (0.01) (0.02) (0.01) 
NS Non-significant at 0.05 probability level. f TNC = Total nonstructural carbohydrates; CP=Crade Protein; SP=Soluble Protein; AA_N=Amino-N Grou 
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Table 4. Genetic (top in each cell) and phenotypic (bottom) correlations and their 
respective standard errors (italics) among autumn growth components and winter 
injury in August (above the diagonal) and November (below) at Ames, IA 
averaged across two years. 
Shoot Root Crowns Height Maturity Stem 
Number 
Stem 
Weight 
Winter 
Injury 
Shoot 0.74 0.78 0.58 0.37 0.89 0.46 -0.74 
(0.07) (0.12) (0.11) (0.U) (0.06) (0.04) (0.1) 
0.59 0.56 0.42 0.21 0.54 0.01NS -0.16 
(0.02) (0.02) (0.03) (0.04) (0.02) (2E-6) (0.03) 
Root 0.55 0.82 0.34 0.03 NS 0.58 0.53 -0.81 
(0.72) (0.08) (0.77) (0.14) (0.10) (0.06) (0.1) 
0.42 0.52 0.21 0.09 NS 0.43 0.001NS -0.20 
(0.03) (0.02) (0.03) (0.04) (0.03) (3E-7) (0.03) 
Crowns 0.81 0.83 0.46 0.07 0.78 0.35 -0.84 
(0.08) (0.08) (0.14) (0.13) (0.08) (0.05) (0.1) 
0.45 0.55 0.11 NS 0.10NS 0.43 0.0003 NS -0.17 
(0.03) (0.02) (0.04) (0.04) (0.03) (5E-5) (0.03) 
Height -0.03 NS -0.49 -0.21 0.36 0.35 0.38 -0.30 
(0.14) (0./7) (0./J) (0.14) (0.14) (0.06) (0.2; 
0.16 0.04 NS 0.03 NS 0.19 0.32 0.002 NS -0.07 
(0.03) (0.03) (0.03) (0.03) (0.03) (0.0003) (0.03) 
Maturity ND ND ND ND 0.23 (0.22 -0.06 
(0.12) (0.03) (0.1) 
0.20 0.0001 NS -0.08 
(0.04) (1E-4) (0.04) 
Stem Number ND ND ND ND ND 0.07 NS -0.68 
(0.01) (0.1) 
-0.17 -0.17 
(0.08) (0.03) 
Winter Injury -0.60 -0.72 -0.54 0.23 ND ND ND 
(0.7J) (0.14) (0.10) (&/4) 
-0.15 -0.17 -0.24 0.01NS 
(0.03) (0.03) (0.03) (0.03) 
Non-significant at 0.05 probability level. 
ND, Not determined in November because freezing injury affected genotype performance of these traits. 
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Table 5. Genotypic (a2g), genotypic by environment (o2ge) and residual variances (o2e) and 
broad sense heritabilty on a plot basis (H2p) and entry mean basis (H2e), and their 
standard errors (italic) of autumn growth components in an autotetraploid alfalfa 
population in August and November, in Ames, IA. Values are averaged across 
2001 and 2002. 
Trait o2ge tfÇ" w TPT 
Shoot mass 
Root mass 
Height 
Maturity 
5.1+0.5 
August 
1.8 ±0.4 13 ±0.03 
0.07 ±0.01 0.06 ± 0.01 0.27 ± 0.001 
Crown mass 0.03 ± 0.004 0.02 ± 0.005 0.15 ± 0.0003 
0.91 ±0.1 0.86 ±0.2 4.37 ±0.01 
0.49 ± 0.05 0.26 ± 0.04 0.75 ± 0.001 
Stem Number 1.8 ± 0.2 1.1 ±0.1 3.6 ±0.01 
Stem Weight 0.09± 0.01 0.002 ±0.01 0.61 ±0.001 
0.26 
(0.04) 
0.18 
(0.04) 
0.17 
(0.04) 
0.15 
(0.04) 
0.33 
(0.04) 
0.27 
(0.04) 
0.11 
(0.03) 
0.63 
(0.05) 
0.49 
(0.08) 
0.51 
(0.07) 
0.44 
(0.08) 
0.66 
(0.05) 
0.61 
(0.06) 
0.44 
(0.06) 
November 
Shoot mass 
Roots mass 
Height 
17 ±2 
Crown mass 0.8 ± 0.09 
3.6 ± 0.4 
10 ±2 
0.5 ± 0.07 0.4 ± 0.08 
0.5 ± 0.08 
1.4 ±0.1 
56 ±2 
2 ± 0.08 
1.8 ±0.07 
9.8 ±0.1 
Winter Injury 0.1 ± 0.01 0.04 ± 0.01 0.3 ± 0.01 
0.20 
(0.04) 
0.16 
(0.04) 
0.26 
(0.04) 
0.24 
(0.04) 
0.22 
(0.04) 
0.54 
(0.07) 
0.46 
(0.08) 
0.59 
(0.06) 
0.60 
(0.06) 
0.58 
(0.06) 
Table 3. Parental and progeny mean values, range of progeny values, broad sense heritability on a entry mean basis, and 
range of autumn growth components measured in August, averaged across years, in Ames, IA. 
Parents F1 Population 
Variable ABI408 WISFAL-6 ABI408 vs Mean Std Mean vs Mean vs Mean vs Min. Max. 
WISFAL-6 Error ABI408 WISFAL-6 Mid Parent Genotype Genoty] 
August 
Height, cm 16 14 NS 15 4.8 NS NS NS 9 18 
Maturity 5.5 2.7 0.0002 4.3 0.9 0.03 0.001 NS 2.4 6.1 
Stem number 13 5 <0.0001 8 1.5 <0.0001 0.0006 NS 4 15 
Stem mass, g stem"1 0.9 1.0 NS 1.1 0.3 NS NS NS 0.3 5.8 
Shoot mass, g 12.2 4.6 0.002 9.4 1.7 NS 0.007 NS 2 20 
Root mass, g 1.3 0.9 NS 1.6 0.3 NS 0.01 0.04 0.6 2.6 
Crown mass, g 1.2 0.5 0.008 1.0 0.2 NS 0.01 NS 0.6 2.6 
Shoot:Root ratio 9 5 NS 7 6 NS NS NS 2 90 
Shoot:Crown ratio 11 14 NS 11 3.5 NS NS NS 6 37 
Root:Crown ratio 1 3 0.005 2 0.5 NS 0.02 NS 1 4 
November 
Height, cm 14 15 NS 14 3 NS NS NS 9 22 
Shoot mass, g 22 14 NS 23 6 NS 0.04 NS 6 47 
Root mass, g 4 4 NS 6 1 0.01 0.02 0.0007 3 9 
Crown mass, g 3 3 NS 4 1 0.05 0.05 0.005 2 9 
Shoot:Root ratio 6 4 NS 4 1 NS NS NS 2 20 
Shoot:Crown ratio 8 5 NS 6 2 NS NS NS 3 32 
Root:Crown ratio 1.5 1.5 NS 1.5 0.2 NS NS NS 0.8 3.1 
April 
Winter Injury (score) 2.5 2.1 NS 2.3 0.3 NS NS NS 1.2 3.6 
Table 6. Parental and progeny mean values, range of progeny values, broad sense heritability on an entry mean basis, 
and range of autumn taproot metabolites in August and November averaged across two years, in Ames, IA. 
Parents F1 Population 
Variable1 ABI408 Wisfal6 ABI408 vs Mean StdErr Mean vs Mean vs Mean vs Min. Max. 
Wisfal6 ABI408 Wisfal6 Midparent Genotype Genotype 
August 
TNC, mg gDM"1 59 60 NS 60 7 NS NS NS 49 68 
Starch, mg gDM"1 169 93 0.004 144 28 NS 0.006 NS 72 232 
Fructose, mg gDM"1 2.8 2.5 NS 2.6 0.2 NS NS NS 2 3.2 
Glucose, ng gDM 1 526 570 NS 486 239 NS NS NS 303 897 
Sucrose, mg gDM 1 22 24 NS 24 6 NS NS NS 17 30 
Crude Protein, mg gDM 1 147 112 <0.0001 124 11 <0.0001 0.03 NS 100 165 
Soluble Protein, mg gDM"1 60 53 0.04 55 5 0.03 NS NS 49 60 
Amino-N groups, fimol gDM"1 51 61 NS 52 5 NS NS NS 40 67 
Palmitate, ng gDM 1 1548 1723 NS 1665 132 NS NS NS 1326 2381 
Oleate, pig gDM"1 165 187 NS 175 15 NS NS NS 151 258 
Linoleate, gg gDM 1 5891 5358 NS 5687 524 NS NS NS 4892 6413 
Linolenate, ng gDM 1 2123 1953 NS 2088 165 NS NS NS 1356 2352 
Total FAME, mg gDM1 11 11 NS 11 0.3 NS NS NS 7 13 
November 
TNC, mg gDM 1 128 104 0.0009 112 11.4 0.002 NS NS 99 127 
Starch, mg gDM 1 255 339 0.0001 318 40 <0.0001 NS NS 239 411 
Glucose, ng gDM 1 1091 982 NS 994 251 NS NS NS 773 1168 
Sucrose, mg gDM1 78 62 0.007 67 21 NS NS NS 45 88 
CP, mg gDM"1 179 142 <0.0001 153 17 <0.0001 0.01 0.03 134 172 
SP, mg gDM"1 60 54 0.05 55 2 0.0009 NS 0.05 50 61 
AA-N, nmoles gDM 1 122 92 0.0002 104 27 0.002 0.03 NS 85 129 
Palmitate, ^ig gDM 1 2047 2172 NS 2489 72 NS NS NS 1873 2489 
Oleate, (ig gDM 1 176 188 NS 236 15 NS NS NS 140 236 
Linoleate, ng gDM 1 7481 8888 0.0009 8035 337 NS 0.004 NS 6844 9098 
Linolenate, pg gDM 1 3295 3156 NS 3349 118 NS NS NS 2928 3682 
FAME, mg gDM 1 13 16 0.0004 15 0.5 0.006 0.02 NS 13 16 
TNC = Total nonstructural carbohydrates. 
Table 7. Genetic (above the diagonal) and phenotypic (below the diagonal) correlation and their respective standard 
errors (italic) among autumn taproot metabolites accumulation and winter injury in August, in Ames, IA. 
TNC Starch Fructose Glucose Sucrose CP SP Palmitate Oleate Linoleate Linolenate Total 
FAME 
Winter 
Injury 
TNC' 0.49 0.07NS 0.88 0.95 0.92 0.48 0.53 0.67 0.44 0.51 0.61 0.04 NS 
(0.19) (0.1) (0.3) (0.09) (0.17) (0.05) (0.04) (0.3) (0.2) (0.3) (0.4) (0.2) 
Starch 0.28 -0.87 0.08 0.24 0.88 0.82 0.41 0.12NS 0.38 0.63 0.71 -0.15 NS 
(0.03) (0.31) (0.2) (0.2) (0.09) (0.05) (0.05) (0.02) (0.2) (0.4) (0.3) (0.1) 
Fructose 0.17 NS -0.19 0.84 -0.38 -0.47 -0.88 0.12ns 0.14ns 0.31 0.21 0.14ns 0.32 
(0.3) (0.03) (0.2) (0.05) (0.32) (0.1) (0.01) (0.2) (0.2) (0.7) (0.7) (0.2) 
Glucose 0.25 -0.08 0.55 0.47 0.35 0.13NS 0.1 2ns -0.21 0.1 2ns 0.41 0.18 -0.27 
(0.03) 0.03 (0.02) (0.21) (0.17) (0.03) (0.01) (0.1) (02) (0.2) (0.7) (0.2) 
Sucrose 0.69 0.19 0.11 NS 0.17ns 0.39 0.76 0.27 0.1 2ns 0.61 0.1 5ns 0.71 -0.14ns 
(0.02) (0.03) (0.1) (0.03) (0.14) (0.18) (0.03) (0.3) (0.7) (0.02) (0.4) (0.1) 
CP 0.29 0.58 0.24 0.27 0.21 0.86 0.73 -0.31 0.52 0.73 0.41 -0.04 NS 
(0.03) (0.02) (0.03) (0.03) (0.03) (0.04) (0.01) (0.7) (0.2) (0.4) (0.3) (0.7) 
SP 0.22 0.46 0.33 0.36 0.13 NS 0.66 0.54 -0.18NS 0.61 0.49 0.57 0.09 NS 
(0.03) (0.03) (0.02) (0.03) 0.03 (0.02) (0.09) (0.3) (0.7) (0.3) (0.2) (0.4) 
Palmitate 0.47 0.33 0.06ns 0.27 0.31 0.41 0.42 0.51 0.89 0.92 0.82 -0.23 
(0.03) (0.03) (0.01) (0.03) (0.01) (0.3) (0.07) (0.7) (0.4) (0.4) (0.2) (0.2) 
Oleate 0.38 0.09 0.08ns -0.03NS 0.79 -0.10NS 0.19 0.35 0.83 0.45 0.39 0.12NS 
(0.2) (0.01) (0.05) (0.01) (0.02) (0.01) (0.02) (0.02) (0.3) (0.01) (0.2) (0.1) 
Linoleate 0.44 0.32 0.05NS 0.15 0.31 0.28 0.31 0.77 0.61 0.66 0.99 -0.17NS 
(0.03) (0.02) (0.01) (0.03) (0.05) (0.1) (0.05) (0.03) (0.7) (0.3) (0.3) (0.7) 
Linolenate 0.32 0.31 0.06NS 0.29 023 0.41 0.36 0.74 0.17 0.58 0.93 -0.31 
(0.02) (0.02) (0.01) (0.02) (0.04) (0.1) (0.04) (0.1) (0.03) (0.7) (0.2) (0.2) 
Total 0.53 0.45 -0.02ns 0.18 0.37 0.33 0.37 0.82 0.47 0.92 0.73 -0.28 
FAME (0.01) (0.04) (0.01) (0.01) (0.04) (0.4) (0.03) (0.1) (0.05) (0.7) (0.7) (0.3) 
Winter -0.07NS -0.11NS 0.02Ns -0.02NS -0.08NS -0.05NS 0.01NS -0.09 0.05NS -0.07NS -0.15 -0.13 
Injury (0.03) (0.03) (0.03) (0.03) 0.03 (0.03) (0.03) (0.01) (0.02) (0.01) (0.05) (0.03) 
Non-significant at 0.05 level. ND, Not determined in November. fTNC = Total nonstructural carbohydrates; CP = Crude Protein; SP = Soluble Protein; FAME = Fatty Acid Methyl Esters. 
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Table 9. Genotypic (o2g), genotypic by environment (o2ge) and residual variances 
(o2e) and broad sense heritabilty on a plot basis (H2p) and entry mean basis 
(H2e), and theirs standard errors (italic)of autumn taproot metabolites 
accumulation in an autotetraploid alfalfa population in August in Ames, IA. 
Values are averaged across 2001 and 2002. 
Trait" a2 g a2ge a2e Hzp H2e 
August 
TNC 3.6 ± 1 4.6 ± 2 36 ±2 0.08 0.31 
(0.03) (0.1) 
Starch 282 ± 59 342 ± 70 1005 ± 38 0.17 0.45 
(0.04) (0.08) 
Fructose 0.009 ± 0.004 0.02 ± 0.007 0.15 ±0.006 0.06 0.21 
(0.03) (0.12) 
Glucose 2118 ±698 695 ± 95 25578 ± 1009 0.07 0.31 
(0.03) (0.09) 
Sucrose 3 ± 0.6 1 ±0.7 18 ± 1 0.13 0.46 
(0.03) (0.08) 
Crude Protein 43 ±7 16 ±7 139 ±5 0.22 0.58 
(0.04) (0.06) 
Soluble 0.3 ± 0.05 4 ± 1 17 ± 0.7 0.01 0.06 
Protein (0.03) (0.14) 
Amino-N 0.01 ±0.001 18 ±4 76 ±3 0.01 0.01 
groups (0.11) (0.11) 
Palmitate 9498 ± 277 849 ±71 36425 ± 204 0.20 0.59 
(0.08) (0.09) 
Oleate 114 ±39 219 ±34 549 ± 30 0.13 0.36 
(0.03) (0.06) 
Linoleate 149718 ±4E4 11353 ±348 481004 ±2E3 0.23 0.64 
(0.09) 
Linolenate 13976 ± 4E3 1039 ± 98 46943 ± 2E3 0.22 0.63 
(0.03) (0.1) 
Total FAME 0.44 ± 0.09 0.03 ± 0.001 0.95 ± 0.05 0.31 0.72 
(0.04) (0.11) 
1 TNC = Total nonstructural carbohydrates; Total FAME=Total fatty acid methyl esters. 
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Table 10. Genotypic (<r2g), genotypic by environment (o2ge) and residual variances 
(o2e) and broad sense heritabilty on a plot basis (H2p) and entry mean basis 
(H2e), and theirs standard errors (italic) of autumn taproot metabolites in an 
autotetraploid alfalfa population in November in Ames, IA. Values are 
averaged across 2001 and 2002. 
Trait' o2g o2ge q2e H2p H2e 
November 
TNC 1 ±0.1 21 ±3 74 ±3 0.01 0.04 
(0.03) (0.14) 
Starch 774 ± 97 21 ±12 1283 ±49 0.37 0.78 
(0.04) (0.03) 
Glucose 19 ±5 23 ± 7 145 ±5 0.11 0.35 
(0.04) (0.1) 
Sucrose 16 ±3 7 ± 3 77 ±3 0.16 0.49 
(0.03) (0.07) 
Crude Protein 26 ±4 13 ±4 81 ±3 0.21 0.56 
(0.04) (0.07) 
Soluble 2 ±0.4 2 ±0.5 8 ±0.3 0.19 0.49 
Protein (0.04) (0.08) 
Amino-N 29 ±6 18 ± 7 134 ±5 0.16 0.48 
groups (0.04) (0.08) 
Palmitate 6484 ± 557 704 ±48 13556 ±741 0.31 0.71 
(0.04) (0.09) 
Oleate 191 ±32 234 ± 52 376 ± 20 0.24 0.52 
(0.04) (0.08) 
Linoleate 100700 ± 2E4 74799 ± 2843 244040 ± 1E4 0.24 0.56 
(0.03) (0.07) 
Linolenate 7592 ± 2035 6743 ± 583 32838 ± 2E3 0.16 0.46 
(0.03) (0.07) 
Total FAME 0.1549 ±0.03 0.1836 ±0.01 0.5187 ±0.03 0.18 0.46 
(0.04) (0.08) 
T TNC = Total nonstructural carbohydrates; Total FAME=TotaI fatty acid methyl esters. 
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Table 11. Genetic (above) and phenotypic (below) correlation and their respective 
standard errors (italic) among autumn growth components and metabolite 
accumulation sampled in August, in Ames, IA. Averaged of 2 years. 
Shoot Root Crowns Maturity Stem Number Stem Weight Height 
TNC 0.26 0.41 0.19 -0.42 0.41 -0.05™ -0.06™ 
(0.2) (0.2) (0.2) (0.2) (0.2) (0.1) (0.2) 
-0.02ns -0.005™ 0.03™ -0.07™ 0.009™ -0.06™ - O i l  
(0.03) (0.03) (0.03) (0.03) (0.03) (0.01) (0.03) 
Starch 0.1 3ns 0.56 0.002™ -0.08NS -0.09™ 0.34 -0.46 
(0.1) (0.2) (0.2) (0.02) (0.2) (0.2) (0.2) 
0.15 0.23 0.11 0.12 0.15 0.02™ 0.06™ 
(0.03) (0.03) (0.03) (0.01) (0.04) (0.03) (0.03) 
Fructose -0.38 -0.25 0.06™ -0.25 -0.16™ -0.17 -0.16™ 
(0.2) (0.3) (0.2) (0.2) (0.2) (0.3) (0.3) 
-0.08™ 
-0.15 -0.01™ -0.08™ -0.08 -0.02™ -0.08™ 
(0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) 
Glucose -0.19 -0.09™ 0.22 -0.37 0.15™ -0.34 -0.22 
(0.2) (0.2) (0.2) (0.2) (0.2) (0.2) (0.2) 
-0.01Ns -0.07™ 0.05™ -0.08™ 0.009™ -0.03™ -0.03™ 
(0.03) (0.03) (0.01) (0.03) (0.03) (0.03) (0.03) 
Sucrose 0.28 0.38 0.42 -0.40 0.47 -0.05™ 0.13™ 
(0.1) (0.2) (0.2) (0.7) (0.7) (0.2) (0.2) 
0.02ns 0.06™ 0.09 -0.06™ 0.04™ -0.05™ -0.08 
(0.03) (0.0.?) (0.03) (0.03) (0.03) (0.03) (0.03) 
CP -0.03ns 0.29 -0.02™ -0.24 0.03™ 0.10™ -0.45 
(0.1) (0.1) (0.7) (0.1) (0.1) (02) (0.2) 
0.13 0.17 0.09 -0.01™ 0.13 0.006™ 0.01™ 
(0.03) (0.03) (0.03) (0.04) (0.05) (0.03) (0.03) 
SP -0.42 0.37 0.12™ -0.61 -0.15™ 0.15™ -0.31 
(0.1) (0.7) (0.5) (0.01) (0.6) (0.7) (0.07) 
0.07™ 0.03™ 0.003™ -0.01™ 0.07™ 0.02™ 0.06™ 
(0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) 
Palmitate 0.43 0.21 0.63 -0.42 0.37 0.13™ -0.13™ 
(0.1) (0J) (0.3) (0.7) (0.2) (0.7) (0.2) 
0.11 0.07NS 0.12 -0.05™ 0.04™ 0.05™ -0.07™ 
(0.01) (0.01) (0.1) (0.02) (0.02) (0.02) (0.04) 
Oleate 0.65 0.15NS 0.13™ -0.62 -0.22 0.35 0.43 
(0.5) (0.2) (0.3) (0.2) (0.3) (0.3) (0.3) 
0.18 -0.01™ -0.05™ -0.17™ -0.01™ 0.05™ 0.06™ 
(0.1) (0.001) (0.02) (0.7) (0.07) (0.03) (0.02) 
Linoleate 0.47 0.34 -0.12™ -0.54 -0.13™ 0.65 0.12™ 
(0.5) (0.2) (0.2) (0.3) (0.1) (0.3) (0.1) 
0.15 0.03™ 0.09 -0.10 -0.002™ 0.13 -0.05™ 
(0.2) (0.02) (0.06) (0.01) (0.03) (0.2) (0.01) 
Linolenate -0.23 0.08™ 0.62 0.11™ 0.34 0.24 -0.35 
(0.3) (0.2) (0.4) (0.1) (0.2) (02) (0.2) 
0.09 0.16 0.20 0.003™ 0.09 0.05™ -0.11 
(0.06) (0.03) (0.03) (0.02) (0.01) (0.01) (0.02) 
Total 0.25 0.37 0.65 -0.32 0.28 0.34 -0.18 
FAME (0.2) (0.2) (0.3) (0.5) (0.2) (0.2) (0.2) 
0.16 0.11 0.14 -0.07™ 0.04™ 0.12 -0.08 
(0.09) (0.02) (0.02) (0.01) (0.06) (0.07) (0.02) 
NS Non-significant at 0.05 probability level. ND, Not determined in November because freezing injury affected genotype performance of 
these traits. 
f TNC = Total nonstructural carbohydrates; CP=Crude Protein; SP=Soluble Protein. FAME=Fatty Acid Methyl Esters. 
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Table 12. Genetic (above) and phenotypic (below) correlations and their respective 
standard errors (italic) among autumn growth components and metabolite 
accumulation sampled in November, in Ames, IA. Averaged of 2 years. 
Shoot Root Crowns Height 
TNCf -0.54 0.41 0.28 -0.88 
(0.6) (0.6) (0.5) (0.1) 
-0.04 0.06 0.03 -0.06 
(0.03) (0.03) (0.03) (0.03) 
Starch -0.11 0.48 -0.004 -0.37 
(0.1) (0.07) (0.02) (0.1) 
0.02 0.31 0.08 -0.09 
(0.04) (0.01) (0.01) (0.03) 
Glucose -0.15 0.24 0.15 -0.34 
(0.2) (0.2) (0.1) (0.2) 
0.01 0.10 0.11 -0.07 
(0.03) (0.03) (0.03) (0.03) 
Sucrose 0.32 -0.05 -0.11 -0.29 
(0.1) (0.2) (0.1) (0.1) 
-0.08 0.02 -0.02 -0.09 
(0.03) (0.03) (0.03) (0.03) 
Crude Protein -0.19 -0.22 -0.18 -0.22 
(0.1) (0.1) (0.1) (0.1) 
-0.12 -0.06 -0.04 -0.08 
(0.03) (0.03) (0.03) (0.03) 
Soluble Protein -0.03 -0.11 -0.08 -0.09 
(0.2) (0.2) (0.1) (0.1) 
-0.02 -0.04 0.007 -0.03 
(0.03) (0.03) (0.03) (0.03) 
Amino-N -0.13 -0.07 -0.03 -0.20 
(0.1) (0.2) (0.1) (0.1) 
-0.04 -0.04 0.0009 -0.03 
(0.03) (0.03) (0.03) (0.03) 
f TNC = Total nonstructural carbohydrates. 
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(E) and soluble protein (F) of genotypes sampled in November in Ames, IA. 
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CHAPTER 4. QUANTITATIVE TRAIT LOCUS MAPPING OF WINTER 
HARDINESS METABOLITES IN AUTOTETRAPLOID 
ALFALFA (M. SATIVA L.) 
A chapter published in the book entitled "Molecular Breeding of Forage Crops". Proceedings 
of the 3rd International Symposium, Molecular Breeding of Forage and Turf grass, Dallas 
Texas, USA, May 18-23, 2003. 
Baldomero Alarcôn Zuniga, Paul Scott, Kenneth Moore, Diane Luth, and E. Charles 
Brummer 
ABSTRACT 
In winter hardy alfalfa cultivars, cold acclimation occurs prior to the onset of freezing 
temperatures and normally is accompanied with a series of metabolic and morphological 
adjustments. We are studying the accumulation pattern of metabolites throughout the autumn 
previous to freezing and relating them to winter survival in an F1 segregating population 
between the cross of M. sativa subsp. sativa and subsp. falcata. Morphological components 
and soluble carbohydrates, protein, amino-N groups, and free fatty acids were measured in 
2001 and 2002 in the field. Broad sense heritability was intermediate for shoot and root mass 
and height, and for metabolites, ranged from low (TNC=0.04) to high (starch=0.80). The 
genetic correlation between winter injury was not significant for most of the metabolites, 
except for soluble protein and amino-N group concentrations. The presence of allele al of 
MSAIC B, a cold-related gene, was positively associated with autumn plant height but 
negatively associated with root mass in the WISFAL-6 parent. Numerous QTL were detected 
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for concentrations of metabolites. Our results suggest that winter injury and autumn biomass 
are controlled by different loci in this population. 
INTRODUCTION 
Alfalfa originated in the Caucasus Mountains and surrounding regions from which it 
spread throughout much of Eurasia and North Africa, resulting in alfalfa germplasm with a 
wide diversity of winter hardiness. The most winter hardy alfalfa germplasm is M. sativa 
subsp. falcata, which grows primarily in colder and drier areas of Europe and Asia. Winter 
hardy alfalfa becomes dormant in response to shortening photoperiod and cooling 
temperatures typical of autumn, thus acclimating for the harsh environmental conditions of 
winter (McKenzie et al, 1988). 
The accumulation of various compounds, including regulators of osmotic potential like 
sucrose and proline and of membrane fluidity like linoleic acid, takes place during hardening, 
helping cells to tolerate dehydration and maintain membrane integrity. The soluble 
carbohydrate concentration in alfalfa taproots during early autumn is not associated with cold 
tolerance, but winter hardy germplasm accumulates higher concentrations of soluble sugars 
in late autumn than do nonhardy cultivars (Cunningham et al., 1998; Alarcôn-Zuniga et al., 
2001). Taproot starch concentrations may also be partially involved with winter hardiness as 
they can be converted to sugars when needed for acclimation (Boyce and Volenec, 1992). 
The accumulation of oligosaccharides, including raffinose and stachyose, has been linked to 
decreased winter injury (Cunningham et al., 2003). The concentrations of other compounds 
and the expression levels of a suite of genes has been shown to change under cold or winter 
stresses in alfalfa and many other plants (Thomashow, 1999). 
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Alfalfa cold acclimation is a complex phenomenon comprising a multitude of 
physiological and biochemical processes (Volenec et al., 2002). The objective of this paper is 
to provide a preliminary examination of the genetic relationships among concentrations of 
carbohydrates, soluble protein, amino-N groups, and fatty acids during late autumn, autumn 
plant growth, and winter injury using both quantitative genetic and molecular marker 
methods to detect quantitative trait loci (QTL). 
MATERIALS AND METHODS 
Experimental population 
Two genotypes, ABI408 (Medicago sativa subsp. sativa) and WISFAL-6 (M. sativa 
subsp. falcata) were crossed to form an F1 population of 200 individuals segregating for 
yield, winter injury, and autumn growth (Brummer et al., 2000). The 200 F1 individuals, two 
parents, and eight checks were clonally propagated by stem cuttings in the greenhouse and 
transplanted at Ames, IA on June 1, 2001 and on May 15, 2002. The plot design in both years 
was a 14 by 15 quadruple alpha lattice design with 3 replications and 3 destructive harvest 
dates (August, November and April). Five plants per genotype were space planted at 16 cm 
apart within a plot in each replication with rows separated by 80 cm. The plots received no 
fertilization (P and K were above recommended levels for alfalfa cultivation) and were hand-
weeded; insects were controlled chemically. 
Growth components, winter injury and metabolite analysis 
Height was measured in late August and early November each year, after which the plants 
were dug, washed in water, and taproots, crowns, and shoots separated. The 3 tissues were 
frozen with liquid nitrogen and stored in dry ice for transportation to the lab, where they were 
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kept at -80°C until freeze-drying. The freeze-dried samples were weighed and finely ground 
with a 1 mm mesh screen (UDY Cyclone, UDY Manufacturing, Fort Collins, Co). The 
following April, the 3rd block was scored for winter injury by the method of McCaslin and 
Woodward (1995), which included the digging of the complete plant and visual scoring on a 
scale of 1 = no injury, all plants symmetrical with equal shoot length to 5 = all dead plants. 
The ground taproot samples were scanned with by Near Infrared Reflectance 
Spectroscopy and reflectance measurements (log 1/R) between 1100 to 2500 nm, recorded at 4-
nm intervals obtained with a scanning monochromator (NIRS Systems, Silver Springs, MD 
20910). Fifty calibration samples, representing the range of H-values for the entire sample set, 
were selected for all the metabolites to analyze in the by wet chemistry. 
Starch, sucrose, and glucose were extracted using 80% ethanol and quantified by 
enzymatic assay (Sigma Chemical Co., St. Louis, MO; SCA20, sucrose; FA20, fructose; 
GAG020, glucose). Total non-structural carbohydrates (TNC) was estimated by means of the 
an throne assay and scored using a glucose standard (Koehler, 1952). Residual extracted 
samples were dried at room temperature and the starch content determined by the alpha-
amylase-amyloglucosidase-glucose and oxidase-peroxidase enzymatic assays (Sigma 
Chemical Co., St. Louis, MO; STA20). Soluble protein and amino-N groups were extracted 
with sodium phosphate and quantified by the BCA procedure (Smith et al., 1985). Total N 
concentration was obtained by dry combustion, and crude protein was estimated as total N x 
6.25. Fatty acids were extracted with methanolic HC1 and a C:17 internal standard was added 
to each sample. Fatty acids were esterified using 0.5% BHT in hexane (Sukhija and 
Palmquist, 1988) and quantified by gas chromatography. GC-MS was used to verify the 
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correct elution time of the free fatty acid methyl esters found by the GC (Roessner et al., 
2001). Total fatty acids were calculated as the sum of all fatty acids identified. 
Statistical analysis for quantitative traits and QTL mapping 
The analysis of variance of each trait was done in each harvest date and combining across 
years with all effects in the model considered random. Statistical analysis was performed by 
MIXED, CORR, and GLM procedures of Statistical Analysis System (SAS Institute, 1990; 
Little et al., 1996). Orthogonal contrasts were developed to determine differences among 
offspring and parents for each trait (Lynch and Walsh, 1998). The heritability on an entry 
mean-basis was estimated according to Holland et al. (2003): 
f ï =  
' I rl 
where <r2ë, <r2gl, and <r2e represent variance components due entry, entry x year, and 
experimental error, respectively; 1 is the number of years and r the number of replications. 
Standard error of heritability estimates was determined from variance components of the 
MIXED and IML procedures with entries as fixed effects (Falconer and Mackay, 1996; 
Lynch and Walsh, 1998). The genetic correlation for all the pairwise traits was determined 
from least square means for each entry in each environment. MANOVA was used to obtain 
SS of the cross product and determine genetic correlations (SAS Institute, 1990). 
Single marker analysis was performed by the MIXED procedure to estimate association 
between QTL traits and marker loci with a probability level of PcO.Ol. The mean for each 
trait for individuals in the population for which the given marker was present (+) or abscent 
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(-) were calculated to estimate the phenotypic effect of the marker allele. Markers were 
assigned to tentative linkage groups based on Robins et al. (2003). 
RESULTS AND DISCUSSION 
Quantitative genetic analysis 
The metabolite concentration in the progeny was intermediate to the parents (Table 1), 
with no difference between the mean progeny and mean parental values (i.e., no mid-parent 
heterosis was present). Concentration of TNC, sucrose, glucose, soluble protein and amino-N 
groups were higher in ABI408 than WISFAL-6; for starch, linolenic acid, and total fatty acid 
concentrations, WISFAL-6 was higher. The progeny showed transgressive segregation for 
all metabolites. The broad sense heritability on an entry mean basis ranged from low for TNC 
(0.07) to high for starch (0.80). Genetic correlations with winter injury in November across 
years were only significant for amino-N groups and soluble protein (PcO.Ol). The same low 
correlation was found between winter injury and metabolite content for the August harvest 
(data not shown); however, average metabolite content increased up to twofold from August 
to November, suggesting their importance for winter survival. Similar results have been 
found by Cunningham et al. (2003) and Dhont et al. (2003). 
QTL mapping for fall growth components 
We identified several QTL from each parent for all traits (Table 2). Marker locus 
UGA769al had the strongest association with shoot mass and was also associated with root 
mass; its presence decreased both traits in the progeny. The presence of allele al of MSAIC 
B, a cold-related gene (Laberge et al., 1993), was positively associated with autumn plant 
height but negatively associated with root mass in the WISFAL-6 parent. Importantly, little 
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overlap between loci controlling autumn plant height or shoot mass was observed with those 
controlling winter injury. This is not surprising considering the low genetic correlation 
between these traits in this population (Brummer et al., 2000). These results raise the hope 
that biomass yield and winter injury can be manipulated independently, at least in some 
populations. 
QTL mapping of metabolites 
Numerous markers located in same linkage group (G) were associated with the 
concentration of the metabolites related to alfalfa winter hardiness that we measured (Table 
3). Some loci were associated with multiple metabolites. ABI408 carries alleles at two loci 
on G that have opposite effects, both of which explain about 11% of the phenotypic variation 
observed for this trait. Two markers associated with both linoleic and total fatty acid 
concentration (ACG/CTG325 and UGA328) were also located in the linkage group G. Marker 
locus UGA577 was strongly associated with soluble protein (R2 =11.1), although the 
presence of the marker allele decreased the soluble protein content. Few of these QTL 
correlate with those controlling the overall agronomically important phenotype of winter 
injury. 
CONCLUSION 
We have demonstrated that we can identify loci involved in important physiological 
and biochemical pathways underlying complex, agronomically important traits like winter 
injury. Further analysis will focus on identifying the precise regions of the genomes in which 
QTL for metabolite concentration, biomass production, and winter injury reside, and on 
attempting to link the QTL to potential candidate genes. 
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Table 1. Parental and progeny mean values, range of progeny values, broad sense 
heritability on a entry mean basis, and genetic correlations (WIrA) with winter injury of 
metabolites measured on taproots in November 2001 and 2002 in Ames, IA and 
averaged across years. 
F1 Progeny vs parents Progeny Range 
Trait ABI408 Wisfal6 mean progeny H2 WIrA±SE 
TNC, mg g'DM 128** 104 ** 111±14 70-155 0.04±0.1 -0.15±0.1 
Starch, mg g'DM 255** 339 317±61 86-502 O.8+O.O3 -0.19±0.1 
Sucrose, mg g 'DM 78* 62 67±23 18-141 0.5±0.07 0.07±0.1 
Glucose, ng g 'DM 1093 980 938±28 150-900 0.4±0.09 0.01±0.01 
FAME, mg g 'DM 13 ** 16* 15+1 12-18 0.5±0.08 0.20±0.1 
Linoleic, mg g 'DM 7.5 8.9 ** 8±0.7 6-10 0.6±0.07 0.18±0.04 
Sol. Protein, mg g 'DM 60 ** 54 55+4 26-68 O.5+O.O7 O.26±O.l** 
Amino-N, gmoles g'DM 122** 92* 104±31 40-191 0.5±0.08 0.44±0.1** 
*, ** means significantly different at P=0.05 and P=0.01, resp. 
t TNC= total nonstructural carbohydrates; FAME=total fatty acid methyl esters. 
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Table 2. Molecular markers associated with QTL for shoot and root biomass, plant 
height, and winter injury based on mean values across two years at Ames, IA. The 
parent carrying the marker allele is designated. The probability level, R2, and 
phenotypic value for individuals with (+) or without (-) the marker allele are given. 
LG Closest marker Parent p-value R" Mean (+) Mean (-) 
Shoot mass, e 
B UGA161b2 ABI408 0.0009 6.0 23.4 19.8 
K AGC/CAC211 ABI408 0.0083 3.7 23.7 21.5 
L AGC/CAC352 ABI408 0.0045 4.3 23.9 21.6 
B UGA189a2 Wisfal 6 0.0026 5.1 22.1 25.0 
D UGA769al Wisfal 6 0.0002 7.3 20.9 23.9 
D bC3C-25aV2al Wisfal 6 0.0015 5.3 23.8 21.2 
G AGC/CAT452 Wisfal 6 0.0048 4.9 23.4 20.6 
I ACG/CTC168 Wisfal 6 0.0073 3.8 23.7 20.6 
M MS58a2 Wisfal 6 0.0077 
Root mass, e 
3.9 23.1 19.7 
B AGC/CTG247 ABI408 0.0099 3.6 5.9 5.6 
G UGA 1208b ABI408 0.0064 4.1 5.5 5.9 
J bC2A-9AV28b ABI408 0.0008 6.1 5.8 5.7 
B ACG/CTA142 Wisfal 6 0.0014 5.4 6.1 5.6 
C MSAlCAal Wisfal 6 0.0077 3.8 5.9 5.6 
D UGA769al Wisfal 6 0.0005 6.4 5.5 5.9 
J MSAIC Bal Wisfal 6 0.0005 6.5 5.5 6.1 
M MS58a2 Wisfal 6 0.0004 7.0 5.9 5.1 
Autumn Plant Height, cm 
E ARClHllb ABI408 0.0033 4.5 13.5 14.5 
G UGA328b ABI408 0.0064 3.9 13.5 14.4 
J UGA452b2 ABI408 0.0040 4.7 14.5 13.5 
A UGA36a4 Wisfal 6 0.0011 6.1 13.3 14.5 
B UGA85a3 Wisfal 6 0.0095 3.8 14.5 13.6 
G ACG/CTA301 Wisfal 6 0.0022 4.9 13.7 14.8 
J MSAIC Bal Wisfal 6 0.000003 11.4 14.8 13.2 
Winter Iniurv. 1 = none to 5 i=dead 
B V25bl ABI408 0.00021 7.8 2.3 2.8 
H AGC/CTT279 ABI408 0.00361 4.6 2.4 2.2 
J UGA191b2 ABI408 0.00233 4.9 2.4 2.2 
K UGA246b ABI408 0.00575 4.2 2.3 2.5 
A UGA1208al Wisfal 6 0.00989 3.6 2.2 2.4 
D UGA452a2 Wisfal 6 0.00008 8.5 2.2 2.4 
D UGA769a2 Wisfal 6 0.00845 3.9 2.4 2.2 
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Table 3. Molecular markers associated with QTL for soluble carbohydrates, soluble 
protein, amino-N groups and fatty acids based on mean values across two years at 
Ames, IA. The parent carrying the marker allele is designated. The probability level, 
R2, and phenotypic value for individuals with (+) or without (-) the marker allele are 
given. 
LG Closest marker Parent p-value R1 Mean (+) Mean (-) 
Total Nonstructural Carbohydrates, me e 'DM 
M UGA122 ABI408 0.0054 4.4 112 109 
B ACG/CTG277 Wisfalô 0.0010 5.7 112 112 
D bC3C-25aV2 Wisfalô 0.0013 5.4 111 112 
K UGA328-2 Wisfalô 0.0026 5.2 111 113 
Starch, me g''DM 
E bN2-20aV55 ABI408 0.0026 4.9 311 325 
G UGA1208 ABI408 0.000005 11.2 305 327 
G UGA5 ABI408 0.000007 11.2 331 309 
N UGA906 ABI408 0.0029 4.8 314 332 
A VglH6 Wisfalô 0.0003 7.8 326 308 
J RC-l-51dT23V20 Wisfalô 0.0039 4.5 309 323 
Sucrose, me e 'DM 
G UGA1208 ABI408 0.0013 5.7 69 66 
G Vg2D 11-1/2 ABI408 0.0032 4.8 67 66 
D bC3C-25aV2 Wisfalô 0.0034 4.5 66 69 
D Hg2Gl Wisfalô 0.0045 4.5 67 68 
Glucose, ue e'DM 
E UGA28 ABI408 0.0004 6.9 1015 975 
F AGC/CTC141 ABI408 0.0031 4.7 975 1008 
C V25-1 Wisfalô 0.0042 5.1 1002 961 
G AGC/CTT192 Wisfalô 0.0007 6.1 986 1031 
Linoleic Acid, me e 'DM 
G ACG/CTG325 ABI408 0.0011 5.6 8.2 7.9 
G UGA328 ABI408 0.0009 5.7 7.9 8.1 
G UGA5 ABI408 0.0022 5.4 7.9 8.1 
A VglH6 Wisfalô 0.0029 5.4 7.9 8.2 
H UGA553 Wisfalô 0.0092 3.8 8.1 7.8 
Total Fattv Acid Methvl Esters, me e 'DM 
G UGA328 ABI408 0.0011 5.6 14.4 14.7 
B RC2B-63BV8 Wisfalô 0.0086 3.4 14.5 14.8 
Soluble Protein, me e" DM 
E UGA577 ABI408 0.000005 11.1 54 56 
C AGC/CAT159 Wisfalô 0.00063 6.2 56 54 
Amino-N erouns. umoles e" DM 
F UGA109-1 ABI408 0.0042 4.8 106 102 
D Hg2Gl Wisfalô 0.0066 4.3 104 105 
G AGC/CAA452 Wisfalô 0.0033 4.8 104 104 
J ACG/CAC324 Wisfalô 0.0056 4.3 103 106 
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Chapter 5. GENERAL DISCUSSION 
During the past several decades, substantial effort has been devoted to evaluating 
differences among genotypes contrasting in winter hardiness, but little information has been 
reported about the relationship of fatty acids in roots with winter hardiness or about the 
quantitative genetics of morphological and physiological traits. In this series of experiments, 
we tried to elucidate the genetic basis of winter hardiness in a broad range of genotypes 
contrasting in winter hardiness and also to estimate quantitative genetic parameters related 
with fall dormancy and winter injury at the morphological and physiological level in an F1 
population of a cross between subsp. sativa and falcata. 
In the first experiment, the genotypes differed in the accumulation pattern of soluble 
carbohydrates in both tap roots and crowns, among and across years. This was also observed 
for total protein, amino-N groups and fatty acids. Among the individual fatty acids, linoleate 
and linolenate were strongly correlated with the winter hardiness, estimated as winter injury. 
It was observed that fatty acids were not correlated with any morphological trait, and 
possibly fatty acids are more important as cryoprotective mechanism for cold tolerance in 
both crown and roots. 
In the F1 population study, subsp sativa accumulated more shoot mass than falcata, 
and we assume this difference was due to breeding selection instead of any differences 
related to subspecies or cold-adaptation. The differential accumulation found between 
August and November samplings for soluble carbohydrates, protein, and amino-N groups, is 
probably related with the fall dormancy as a mechanism to survive throughout the low 
temperatures and snow cover presented during the winter. Because winter injury not just 
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measures the winter survival, but also the injured crown and tap root distribution and 
regrowth capacity in the spring, i.e. symmetrical distribution of new shoots borne from the 
tap roots and crowns, the metabolite accumulation differential probably is not highly related 
with winter injury and spring regrowth. This result has been identified also by Cunningham 
et al. (2003). Although no correlation was found between metabolites accumulation and 
winter injury, we assume again as mentioned above that the accumulation of these 
metabolites throughout the autumn might play a part in increasing internal osmotic pressure 
and preventing loss of water from the cell. Amino-N groups have been documented to 
accumulate to high concentrations in winter hardy plants (Iba, 2002, Haagenson et al., 
2003a,b). 
The strong genotype x year interaction observed in this series of experiments suggest 
that testing in multiple years is necessary to evaluate the relationship between morphological 
and biochemical traits and winter hardiness. 
Several genes have been identified in alfalfa responsible for cold acclimation, such as 
superoxide dismutase (McKersie et al., 2000) sucrose phosphate synthase (Castonguay and 
Nadeau, 1998), and galactinol synthase (Cuningham et al., 2003). If major genes are related 
with autumn height and fall dormancy, and given the weak link existing with winter injury, 
scoring winter hardiness in an autumn height basis can lead to inaccurate scoring of winter 
survival (Brummer et al., 2000). If selection for both autumn height and winter survival has 
been highly effective, certainly it is because recombination can be occur between loci 
controlling both traits, as was presented in CUF101 by Cunningham et al. (2003) selecting 
just for autumn height and Weishaar (2003) selecting for winter survival. However, non fall 
dormant and non-winter hardy Wadi Qurayat never responded to selection to autumn height 
and winter survival. This lead us to the conclusion that probably major genes might be 
involved in the fall dormancy, autumn height and winter survival, and a consequent response 
in the shoot mass accumulation during favorable conditions in the autumn, as was proposed 
by Brummer et al. (2000) in a model for dormancy x winter hardiness interaction. The results 
found by Cunningham et al. (2003), supported by Volenec et al. (2002), mentioned that the 
increased in yield in cultivars released in the last 20 years has been a consequence of less fall 
dormancy and high autumn height instead of an increase in the yield previous to the fall. This 
is similar to a conclusion reached by Riday (2003) who reported in a broad range of subsp. 
sativa and falcata and their respective half sib progeny test, that high and mid parent 
heterosis in whole yield was a consequence of the increase in high autumn height and shoot 
mass in the third harvest, without significant differences in previous harvest. 
A linkage map is underway to integrate the massive amount of information presented 
in this thesis experiment related with morphological, physiological and biochemical QTL 
traits associated with winter hardiness (Alarcon-Zuniga et al., 2003; Robins et al., 2000). The 
finding of clusters localized in specific linkage groups associated with QTL metabolites, as I 
am expecting, can be a very promising approach to implement a more complete study that 
may integrate a series of populations contrasting in winter hardiness and fall dormancy. 
Selection of genotypes within each population contrasting in tap roots sucrose, starch, total 
fatty acids, linoleate, and amino-N groups content, can be used to estimate the association of 
specific codominant markers and winter hardiness and to be implemented in a marker 
assisted selection program in alfalfa autotetraploids. 
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